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1 

Types of suspension and 
drive 



This chapter deals with the principles relating to drives and suspensions. 

1.1 General characteristics of wheel 
suspensions 

The suspension of modern vehicles need to satisfy a number of requirements 
whose aims partly conflict because of different operating conditions 
(loaded/unloaded, acceleration/braking, level/uneven road, straight running/ 
cornering). 

The forces and moments that operate in the wheel contact area must be 
directed into the body. The kingpin offset and disturbing force lever arm in the 
case of the longitudinal forces, the castor offset in the case of the lateral forces, 
and the radial load moment arm in the case of the vertical forces are important 
elements whose effects interact as a result of, for example, the angle of the steer- 
ing axis. 

Sufficient vertical spring travel, possibly combined with the horizontal move- 
ment of the wheel away from an uneven area of the road (kinematic wheel) is 
required for reasons of ride comfort. The recession suspension should also be 
compliant for the purpose of reducing the rolling stiffness of the tyres and short- 
stroke movements in a longitudinal direction resulting from the road surface 
(longitudinal compliance, Fig. 1.1), but without affecting the development of 
lateral wheel forces and hence steering precision, for which the most rigid wheel 
suspension is required. This requirement is undermined as a result of the neces- 
sary flexibility that results from disturbing wheel movements generated by 
longitudinal forces arising from driving and braking operations. 

For the purpose of ensuring the optimum handling characteristics of the vehi- 
cle in a steady state as well as a transient state, the wheels must be in a defined 
position with respect to the road surface for the purpose of generating the neces- 
sary lateral forces. The build-up and size of the lateral wheel forces are determined 
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Fig. 1.1 A multi-link rear axle - a type of suspension system which is progressively 
replacing the semi-trailing arm axle, and consists of at least one trailing arm on each 
side. This arm is guided by two (or even three) transverse control arms (Figs 1.62 and 
1 .77). The trailing arm simultaneously serves as a wheel hub carrier and (on four-wheel 
steering) allows the minor angle movements required to steer the rear wheels. The 
main advantages are, however, its good kinematic and elastokinematic characteristics. 

BMW calls the design shown in the illustration and fitted in the 3-series (1997) a 
'central arm axle'. The trailing arms 1 are made from GGG40 cast iron; they absorb 
all longitudinal forces and braking moments as well as transfering them via the points 
2 - the centres of which also form the radius arm axes (Figs 3.1 58 and 3.1 59) - on 
the body. The lateral forces generated at the centre of tyre contact are absorbed at 
the subframe 5, which is fastened to the body with four rubber bushes (items 6 and 
7) via the transverse control arms 3 and 4. The upper arms 3 carry the minibloc 
springs 1 1 and the joints of the anti-roll bar 8. Consequently, this is the place where 
the majority of the vertical forces are transferred between the axle and the body. 

The shock absorbers, which carry the additional polyurethane springs 9 at the top 
(Fig. 5.50), are fastened in a good position behind the axle centre at the ends of the trail- 
ing arms. For reasons of noise, the differential 10 is attached elastically to the subframe 
5 at three points (with two rubber bearings at the front and one hydro bearing at the 
back). When viewed from the top and the back, the transverse control arms are posi- 
tioned at an angle so that, together with the differing rubber hardness of the bearings at 
points 2, they achieve the desired elastokinematic characteristics. These are: 

• toe-in under braking forces (Figs 3.64 and 3.82); 

• lateral force compliance understeer during cornering (Figs 3.79 and 3.80); 

• prevention of torque steer effects (see Section 2.10.4); 

• lane change and straight running stability. 

For reasons of space, the front eyes 2 are pressed into parts 1 and bolted to the 
attachment bracket. Elongated holes are also provided in this part so toe-in can be 
set. In the case of the E46 model series (from 1998 onwards), the upper transverse 
arm is made of aluminium for reasons of weight (reduction of unsprung masses). 
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by specific toe-in and camber changes of the wheels depending on the jounce 
and movement of the body as a result of the axle kinematics (roll steer) and oper- 
ative forces (compliance steer). This makes it possible for specific operating 
conditions such as load and traction to be taken into consideration. By estab- 
lishing the relevant geometry and kinematics of the axle, it is also possible to 
prevent the undesirable diving or lifting of the body during braking or acceler- 
ating and to ensure that the vehicle does not exhibit any tendency to oversteer 
and displays predictable transition behaviour for the driver. 

Other requirements are: 

• independent movement of each of the wheels on an axle (not guaranteed in the 
case of rigid axles); 

• small, unsprung masses of the suspension in order to keep wheel load fluctu- 
ation as low as possible (important for driving safety); 

• the introduction of wheel forces into the body in a manner favourable to the 
flow of forces; 

• the necessary room and expenditure for construction purposes, bearing in 
mind the necessary tolerances with regard to geometry and stability; 

• ease of use; 

• behaviour with regard to the passive safety of passengers and other road users; 

• costs. 

The requirements with regard to the steerability of an axle and the possible 
transmission of driving torque essentially determine the design of the axis. 

Vehicle suspensions can be divided into rigid axles (with a rigid connection of 
the wheels to an axle), independent wheel suspensions in which the wheels are 
suspended independently of each other, and semi-rigid axles, a form of axle that 
combines the characteristics of rigid axles and independent wheel suspensions. 

On all rigid axles (Fig. 1.23), the axle beam casing also moves over the entire 
spring travel. Consequently, the space that has to be provided above this reduces 
the boot at the rear and makes it more difficult to house the spare wheel. At the 
front, the axle casing would be located under the engine, and to achieve suffi- 
cient jounce travel the engine would have to be raised or moved further back. For 
this reason, rigid front axles are found only on commercial vehicles and four- 
wheel drive, general-purpose passenger cars (Figs 1.3 and 1.4). 

With regard to independent wheel suspensions, it should be noted that the 
design possibilities with regard to the satisfaction of the above requirements 
and the need to find a design which is suitable for the load paths, increase with 
the number of wheel control elements (links) with a corresponding increase in 
their planes of articulation. In particular, independent wheel suspensions 
include: 

• Longitudinal link and semi-trailing arm axles (Figs 1.13 and 1.15), which 
require hardly any overhead room and consequently permit a wide luggage 
space with a level floor, but which can have considerable diagonal springing. 

• Wheel controlling suspension and shock-absorber struts (Figs 1.8 and 1.57), 
which certainly occupy much space in terms of height, but which require little 
space at the side and in the middle of the vehicle (can be used for the engine 
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Fig. 1.2 An extremely compact four-bar twist beam axle by Renault, with two 
torsion bar springs both for the left and right axle sides (items 4 and 8). The V-shape 
profile of the cross-member 1 0 has arms of different lengths, is resistant to bending 
but less torsionally stiff and absorbs all moments generated by vertical, lateral and 
braking forces. It also partially replaces the anti-roll bar. 

At 23.4 mm, the rear bars 8 are thicker than the front ones (0 20.8 mm, item 4). On 
the outside, part 8 grips into the trailing links 1 with the serrated profile 13 and on the 
inside they grip into the connector 12. When the wheels reach full bump, a pure torque 
is generated in part 12, which transmits it to the front bars 4, subjecting them to 
torsion. On the outside (as shown in Fig. 1 .63) the bars with the serrated profile 1 1 grip 
into the mounting brackets 7 to which the rotating trailing links are attached. The pivots 
also represent a favourably positioned pitch centre O r (Fig. 3.159). The mounting 
brackets (and therefore the whole axle) are fixed to the floor pan with only four screws. 

On parallel springing, all four bars work, whereas on reciprocal springing, the 
connector 12 remains inactive and only the thick rear bars 8 and the cross-member 
10 are subject to torsion. 

The layout of the bars means soft body springing and high roll stability can be 
achieved, leading to a reduction of the body roll pitch during cornering. 

To create a wide boot without side encroachments, the pressurized monotube 
shock absorbers 9 are inclined to the front and therefore are able to transmit forces 
upwards to the side members of the floor pan. 



or axle drive) and determine the steering angle (then also called McPherson 
suspension struts). 

• Double wishbone suspensions (Fig. 1.7). 

• Multi-link suspensions (Figs 1.1, 1.18 and 1.19), which can have up to five 
guide links per wheel and which offer the greatest design scope with regard to 
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Fig. 1.3 Driven, rigid steering axle with dual joint made by the company GKN - 
Birfield AG for four-wheel drive special-purpose vehicles, tractors and construction 
machinery. 

The dual joint is centred over the bearings 1 and 2 in the region of the fork carri- 
ers; these are protected against fouling by the radial sealing rings 3. Bearing 1 serves 
as a fixed bearing and bearing 2 as a movable bearing. The drive shaft 4 is also a sun 
gear for the planetary gear with the internal-geared wheel 5. Vertical, lateral and 
longitudinal forces are transmitted by both tapered-roller bearings 6 and 7. Steering 
takes place about the steering axis EG. 



the geometric definition of the kingpin offset, pneumatic trail, kinematic 
behaviour with regard to toe-in, camber and track changes, braking/starting 
torque behaviour and elastokinematic properties. 

In the case of twist-beam axles (Figs 1.2, 1.31 and 1.58), both sides of the 
wheels are connected by means of a flexurally rigid, but torsionally flexible 
beam. On the whole, these axles save a great deal of space and are cheap, but 
offer limited potential for the achievement of kinematic and elastokinematic 
balance because of the functional duality of the function in the components and 
require the existence of adequate clearance in the region of the connecting beam. 
They are mainly used as a form of rear wheel suspension in front-wheel drive 



6 The Automotive Chassis 



70 




Fig. 1.4 Top view of the dual joint (Fig. 1.3). The wheel end of the axle is turned 
about point P in the middle of the steering pivot during steering. The individual joints 
are constrained at points A and B so that point A is displaced to position A', P is 
displaced to P' and B is displaced along the drive axle by the distance Xto B'. In order 
to assimilate the variable bending angle f) resulting from the longitudinal displacement 
of point B, the mid-point of the joint P is displaced by the distance Y. The adjustment 
value Y depends on the distance between the joints and the steering angle at which 
constant velocity is to exist. Where large steering angles can be reached (up to 60°), 
there should be constant velocity at the maximum steering angle. 

The adjustment value Y and the longitudinal displacement X should be taken into 
consideration in the design of the axle. 
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vehicles up to the middle class and, occasionally, the upper middle class, for 
example, the Audi A6, and some high-capacity cars. 



1 .2 Independent wheel suspensions - general 

1.2.1 Requirements 

The chassis of a passenger car must be able to handle the engine power installed. 
Ever-improving acceleration, higher peak and cornering speeds, and decelera- 
tion lead to significantly increased requirements for safer chassis. Independent 
wheel suspensions follow this trend. Their main advantages are: 

• little space requirement; 

• a kinematic and/or elastokinematic toe-in change, tending towards understeer- 
ing is possible (see Section 3.6); 

• easier steerability with existing drive; 

• low weight; 

• no mutual wheel influence. 

The last two characteristics are important for good road-holding, especially on 
bends with an uneven road surface. 

Transverse arms and trailing arms ensure the desired kinematic behaviour of 
the rebounding and jouncing wheels and also transfer the wheel loadings to the 
body (Fig. 1.5). Lateral forces also generate a moment which, with 
unfavourable link arrangement, has the disadvantage of reinforcing the roll of 
the body during cornering. The suspension control arms require bushes that 
yield under load and can also influence the springing. This effect is either rein- 
forced by twisting the rubber parts in the bearing elements, or the friction 



Fig. 1.5 On front independent wheel suspensions, the lateral cornering force F yw.f 
causes the reaction forces Fy , e and Fxg in the links joining the axle with the body. 
Moments are generated on both the outside and the inside of the bend and these 
adversely affect the roll pitch of the body. The effective distance c between points E 
and G on a double wishbone suspension should be as large as possible to achieve 
small forces in the body and link bearings and to limit the deformation of the rubber 
elements fitted. 
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Fig. 1.6 If the body inclines by the angle <p during cornering, the outer indepen- 
dently suspended wheel takes on a positive camber e w ,o and the inner wheel takes 
on a negative camber ewj. The ability of the tyres to transfer the lateral forces Fyw.f.o 
or Fy.w.f.i decreases causing a greater required slip angle (Fig. 3.53 and Equation 2.16), 
m Bo ,f is the proportion of the weight of the body over the front axle and F c , Bo , f the 
centrifugal force acting at the level of the centre of gravity Bo. One wheel rebounds 
and the other bumps, i.e. this vehicle has 'reciprocal springing', that is: 

Fzw, f.o = Fz, w.f + A Fz, m.f 

Fz, vv.f.i = F 7 w.f - AFz.w.f 



increases due to the parts rubbing together (Fig. 1.11), and the driving comfort 
decreases. 

The wheels incline with the body (Fig. 1.6). The wheel on the outside of the 
bend, which has to absorb most of the lateral force, goes into a positive camber 
and the inner wheel into a negative camber, which reduces the lateral grip of the 
tyres. To avoid this, the kinematic change of camber needs to be adjusted to take 
account of this behaviour (see Section 3.5.4) and the body roll in the bend should 
be kept as small as possible. This can be achieved with harder springs, additional 
anti-roll bars or a body roll centre located high up in the vehicle (Sections 3.4.3 
and 5.4.3). 



1.2.2 Double wishbone suspensions 

The last two characteristics above are most easily achieved using a double wish- 
bone suspension (Fig. 1.7). This consists of two transverse links (control arms) 
either side of the vehicle, which are mounted to rotate on the frame, suspension 
subframe or body and, in the case of the front axle, are connected on the outside 
to the steering knuckle or swivel heads via ball joints. The greater the effective 
distance c between the transverse links (Fig. 1.5), the smaller the forces in the 
suspension control arms and their mountings become, i.e. component deforma- 
tion is smaller and wheel control more precise. 

The main advantages of the double wishbone suspension are its kinematic 
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Fig. 1.7 Front axle on the VW light commercial vehicle Lt 28 to 35 with an 
opposed steering square. A cross-member serves as a subframe and is screwed to 
the frame from below. Springs, bump/rebound-travel stops, shock absorbers and 
both pairs of control arms are supported at this force centre. Only the anti-roll bar, 
steering gear, idler arm and the tie-rods of the lower control arms are fastened to the 
longitudinal members of the frame. The rods have longitudinally elastic rubber bush- 
ings at the front that absorb the dynamic rolling hardness of the radial tyres and 
reduce lift on uneven road surfaces. 



possibilities. The positions of the suspension control arms relative to one another 
- in other words the size of the angles a and [i (Fig. 3.24) - can determine both 
the height of the body roll centre and the pitch pole (angles a' and (3', Fig. 
3.155). Moreover, the different wishbone lengths can influence the angle move- 
ments of the compressing and rebounding wheels, i.e. the change of camber and, 
irrespective of this, to a certain extent also the track width change (Figs 3.50 and 
3.7). With shorter upper suspension control arms the compressing wheels go into 
negative camber and the rebounding wheels into positive. This counteracts the 
change of camber caused by the roll pitch of the body (Fig. 1.6). The vehicle 
pitch pole O indicated in Fig. 6.16 is located behind the wheels on the front axle 
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and in front of the wheels on the rear axle. If O r can be located over the wheel 
centre (Fig. 3.161), it produces not only a better anti-dive mechanism, but also 
reduces the squat on the driven rear axles (or lift on the front axles). These are 
also the reasons why the double wishbone suspension is used as the rear axle on 
more and more passenger cars, irrespective of the type of drive, and why it is 
progressively replacing the semi-trailing link axle (Figs 1.1, 1.62 and 1.77). 



1.2.3 McPherson struts and strut dampers 

The McPherson strut is a further development of double wishbone suspension. 
The upper transverse link is replaced by a pivot point on the wheel house panel, 
which takes the end of the piston rod and the coil spring. Forces from all direc- 
tions are concentrated at this point and these cause bending stress in the piston 
rod. To avoid detrimental elastic camber and caster changes, the normal rod 
diameter of 1 1 mm (in the shock absorber) must be increased to at least 1 8 mm. 
With a piston diameter of usually 30 mm or 32 mm the damper works on the 
twin-tube system and can be non-pressurized or pressurized (see Section 5.8). 

The main advantage of the McPherson strut is that all the parts providing the 
suspension and wheel control can be combined into one assembly. As can be 
seen in Fig. 1.8, this includes: 

• the spring seat 3 to take the underside of the coil spring; 

• the auxiliary spring 1 1 or a bump stop (see Fig. 5.49); 

• the rebound-travel stop (Fig. 5.54); 

• the underslung anti-roll bar (7) via rod 5; 

• the steering knuckle. 

The steering knuckle can be welded, brazed or bolted (Fig. 5.53) firmly to the 
outer tube (Fig. 1.56). Further advantages are: 

• lower forces in the body-side mounting points E and D due to a large effective 
distance c (Fig. 1.5); 

• short distance b between points G and N (Fig. 3.30); 

• long spring travel; 

• three bearing positions no longer needed; 

• better design options on the front crumple zone; 

• space at the side permitting a wide engine compartment; which 

• makes it easy to fit transverse engines (Fig. 1.50). 

Nowadays, design measures have ensured that the advantages are not outweighed 
by the inevitable disadvantages on the front axle. These disadvantages are: 

• Less favourable kinematic characteristics (Sections 3.3 and 3.5.2). 

• Introduction of forces and vibrations into the inner wheel house panel and 
therefore into a relatively elastic area of the front end of the vehicle. 

• It is more difficult to insulate against road noise - an upper strut mount is 
necessary (Fig. 1.9), which should be as decoupled as possible (Fig. 1.10, item 
10 in Fig. 1.8 and item 6 in Fig. 1.56). 
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Fig. 1.8 Rear view of the left-hand side of the McPherson front axle on the Opel 
Omega (1 999) with negative kingpin offset at ground (scrub radius) r„ and pendulum- 
linked anti-roll bar. The coil spring is offset from the McPherson strut to decrease 
friction between piston rod 2 and the rod guide. Part 2 and the upper spring seat 9 
are fixed to the inner wheel house panel via the decoupled strut mount 10. 

The additional elastomer spring 1 1 is joined to seat 9 from the inside, and on the 
underside it carries the dust boot 12, which contacts the spring seat 3 and protects 
the chrome-plated piston rod 2. When the wheel bottoms out, the elastomer spring 
rests on the cap of the supporting tube 1. Brackets 4 and 13 are welded to part 1, 
on which the upper ball joint of the anti-roll bar rod 5 is fastened from inside. Bracket 
13 takes the steering knuckle in between the U-shaped side arms. 

The upper hole of bracket 1 3 has been designed as an elongated hole so that the 
camber can be set precisely at the factory (see Fig. 3.102). A second-generation 
double-row angular (contact) ball bearing (item 14) controls the wheel. 

The ball pivot of the guiding joint G is joined to the steering knuckle by means of 
clamping forces. The transverse screw 15 grips into a ring groove of the joint bolt 
and prevents it from slipping out in the event of the screw loosening. 

The subframe 6 is fixed to the body. In addition to the transverse control arms, 
details of which are given in Ref. 5, Section 10.4, it also takes the engine mounts 8 
and the back of the anti-roll bar 7. The drop centre rim is asymmetrical to allow nega- 
tive wheel offset (not shown) at ground (scrub radius) (Figs 2.10, 2.1 1 and 2.23). 
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Fig. 1.9 McPherson strut mount on the VW Golf III with a thrust ball bearing, 
which permits the rotary movement of the McPherson strut whereas the rubber 
anchorage improves noise insulation. Initially the deflection curve remains linear and 
then becomes highly progressive in the main work area, which is between 3 kN and 
4 kN. The graph shows the scatter. Springing and damping forces are absorbed 
together so the support bearing is not decoupled (as in Fig. 1.10). 

In the car final assembly line the complete strut mount is pressed into a conical 
sheet metal insert on the wheel house inside panel 1. The rubber layer 2 on the 
outside of the bearing ensures a firm seat and the edge 3 gives the necessary hold 
in the vertical direction. The rubber ring 5 clamped on plate 4 operates when the 
wheel rebounds fully and so provides the necessary security (figure: Lemforder 
Fahrwerktechnik AG). 



• The friction between piston rod and guide impairs the springing effect; it can 
be reduced by shortening distance b (Figs 1.11 and 3.30). 

• In the case of high-mounted rack and pinion steering, long tie rods and, conse- 
quently, more expensive steering systems are required (Figs 1.57 and 4.1); in 
addition, there is the unfavourable introduction of tie -rod forces in the middle 
of the shock-absorbing strut (see Section 4.2.4) plus additional steering elas- 
ticity. 

• Greater sensitivity of the front axle to tyre imbalance and radial runout (see 
Section 2.5 and Refs 1 and 4). 

• Greater clearance height requirement. 

• Sometimes the space between the tyres and the damping element (Fig. 1.41) 
is very limited. 

This final constraint, however, is only important on front-wheel drive vehicles as 

it may cause problems with fitting snow chains. On non-driven wheels, at most 
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Fig. 1.10 The dual 
path top mount support 
of the Ford Focus 
(1998) manufactured by 
ContiTech Formteile 
GmbH. The body spring 
and shock-absorber 
forces are introduced 
into the body along two 
paths with variable 
rigidity. In this way, it is 
possible to design the 
shock-absorber bearing 
(inner element) in the 
region of small ampli- 
tudes with little rigidity 
and thus achieve good 
insulation from vibra- 
tion and noise as well 
as improve the roll 
behaviour of the body. 
With larger forces of 
approximately 700 N 
and above, progression 
cams, which increase 
the rigidity of the bear- 
ing, come into play. A 
continuous transition 
between the two levels 
of rigidity is important 
for reasons of comfort. 
The bearing must have 
a high level of rigidity in 
a transverse direction 
in order to ensure that 
unwanted displace- 
ments and hence 
changes in wheel posi- 
tion do not occur. The 
forces of the body 
springs are directed 
along the outer path, 
which has a consider- 
ably higher level of 
rigidity. 
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Fig. 1.11 If lateral force F 2 , w moves 
lever arm b round guiding joint G, the 
lateral force F Sp continually acts in the 
body-side fixing point E of the 
McPherson strut as a result of the force 
F x e. This generates the reaction forces 
F x c and F x K on the piston rod guide and 
piston. This is F xc + F XE = F x K and the 
greater this force becomes, the further 
the frictional force Ff r increases in the 
piston rod guide and the greater the 
change in vertical force needed for it to 
rip away. 

As the piston has a large diameter 
and also slides in shock-absorber fluid, 
lateral force F XK plays only a subordinate 
role (see Fig. 5.54). Fy K can be reduced 
by offsetting the springs at an angle and 
shortening the distance b (see Figs 1 .56 
and 3.30, and Equation 3.4a). 




Fig. 1.12 The McPherson strut rear axle on the Lancia Delta with equal length 
transverse links of profiled steel trunnion-mounted close to the centre the cross- 
members 7 and 8. As large a distance as possible is needed between points 6 and 14 
on the wheel hub carrier to ensure unimpaired straight running. The fixing points 13 
of the longitudinal links 16 are behind the wheel centre, exactly like mounting points 
1 7 of the anti-roll bar 1 8. The back of the anti-roll bar is flexibly joined to the body via 
tabs 19. The additional springs 10 attached to the top of the McPherson struts are 
covered by the dust tube 20. The cross-member 15 helps to fix the assembly to the 
body. An important criterion for dimensioning the control arm 16 is reverse drive 
against an obstruction. 
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the lack of space prevents wider tyres being fitted. If such tyres are absolutely 
necessary, disc-type wheels with a smaller wheel offset e are needed and these 
lead to a detrimentally larger positive or smaller negative kingpin offset at 
ground r a (Figs 2.8 and 3.102). 

McPherson struts have become widely used as front axles, but they are also 
fitted as the rear suspension on front-wheel drive vehicles (e.g. Ford Mondeo 
sedan). The vehicle tail, which has been raised for aerodynamic reasons, allows 
a larger bearing span between the piston rod guide and piston. On the rear axle 
(Fig. 1.12): 

• The upper strut mount is no longer necessary, as no steering movements 
occur. 

• Longer cross-members, which reach almost to the vehicle centre, can be used, 
producing better camber and track width change (Figs 3.15 and 3.48) and a 
body roll centre that sinks less under load (Fig. 3.30). 

• The outer points of the braces can be drawn a long way into the wheel to 
achieve a shorter distance b. 

• The boot can be dropped and, in the case of damper struts, also widened. 

• However, rubber stiffness and the corresponding distance of the braces on the 
hub carriers (points 6 and 14 in Fig. 1.12) are needed to ensure that there is no 
unintentional elastic self-steer (Figs 3.79 and 3.80). 



1.2.4 Rear axle trailing-arm suspension 

This suspension - also known as a crank axle - consists of a control arm lying 
longitudinally in the driving direction and mounted to rotate on a suspension 
subframe or on the body on both sides of the vehicle (Figs 1.13 and 1.63). The 
control arm has to withstand forces in all directions, and is therefore highly 
subject to bending and torsional stress (Fig. 1.14). Moreover, no camber and toe- 
in changes are caused by vertical and lateral forces. 

The trailing-arm axle is relatively simple and is popular on front-wheel drive 
vehicles. It offers the advantage that the car body floor pan can be flat and the fuel 
tank and/or spare wheel can be positioned between the suspension control arms. 
If the pivot axes lie parallel to the floor, the bump and rebound-travel wheels 
undergo no track width, camber or toe-in change, and the wheel base simply 
shortens slightly. If torsion springs are applied, the length of the control arm can 
be used to influence the progressivity of the springing to achieve better vibration 
behaviour under load. The control arm pivots also provide the radius-arm axis O; 
i.e. during braking the tail end is drawn down at this point (Fig. 3.159). 

The tendency to oversteer as a result of the deformation of the link (arm) 
when subject to a lateral force, the roll centre at floor level (Fig. 3.33), the 
extremely small possibility of a kinematic and elastokinematic effect on the 
position of the wheels and the inclination of the wheels during cornering 
consistent with the inclination of the body outwards (unwanted positive 
camber) are disadvantages. 
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Fig. 1.13 Trailing-arm rear suspension of the Mercedes-Benz A class (1997). In order 
to minimize the amount of room required, the coil spring and monotube gas-pressure 
shock absorber are directly supported by the chassis subframe. The connecting tube is 
stress optimized oval shaped in order to withstand the high bending moments from 
longitudinal and lateral wheel forces which occur in the course of driving. The torsion- 
bar stabilizer proceeds directly from the shock-absorber attachment for reasons of 
weight and ease of assembly. When establishing the spring/shock-absorber properties, 
the line along which the forces act and which is altered by the lift of the wheel is to be 
taken into consideration, as a disadvantageous load-path can occur with jounce. The two 
front subframes are hydraulically damped in order to achieve a good level of comfort 
(hydromounts). The chassis subframe can make minor elastokinematic control move- 
ments. When designing subframe mounts, it is necessary to ensure that they retain 
their defined properties with regard to strength and geometry even with unfavourable 
conditions of use (e.g. low temperatures) and for a sufficiently long period of time, 
because variations in the configuration have a direct effect on vehicle performance. The 
longitudinal arms which run on tapered-roller bearings and which are subject to both 
flexural as well as torsional stress are designed in the form of a parallelogram linkage. 
In this way, the inherent disadvantage of a trailing arm axle - unwanted toe-in as a result 
of the deformation of the link when subject to a lateral force - is reduced by 75%, 



Fig. 1.14 On rear axle trailing-link 
suspensions, the vertical force F z , w together 
with the lateral forces Fy.\n cause bending 
and torsional stress, making a correspond- 
ing (hollow) profile, e.g. a closed box profile 
necessary. A force from inside causes the 
largest torsional moment (see Chapter 4 in 
Ref. [3]): 

T = Fzw X a + Fy.W X fdyn 



according to works specifications. 





Types of suspension and drive 17 



1.2.5 Semi-trailing-arm rear axles 

This is a special type of trailing-arm axle, which is fitted mainly in rear-wheel 
and four-wheel drive passenger cars, but which is also found on front-wheel 
drive ve hicl es (Fig. 1.15). Seen from the top (Fig. 1.16), the control arm axis of 
rotation EG is diagonally positioned at an angle a = 10° to 25°, and from the rear 
an angle (3^5° can still be achieved (Fig. 3.36). When the wheels bump and 




Fig. 1.15 Tilted-(Multiple) Staft Steering Rear Axle of the Opel Omega (1999), a 
further development of the tilted shaft steering axle. The differential casing of the 
rear-axle drive is above three elastic bearings, noise-isolated, connected with 
subframe (1), and this subframe is again, with four specially developed elastomer 
bearings on the installation (pos. 2 to 5). On top of part seated are the bearings (6) for 
the back of the stabilizer. Both of the extension arms (8) take up the inner bearings of 
the tilted shafts, which carry the barrel-shaped helical springs (9). In order to get a flat 
bottom of the luggage trunk, they were transferred to the front of the axle drive 
shafts. The transmission is P (wheel to spring, see equation 5.14 and paragraph 5.3.2 
in (3)), becomes thereby with 1.5 comparatively large. The shock absorbers (10) are 
seated behind the centre of the axle, the transmission is with io = 0.86 favourable. 

The angle of sweep of the tilted shafts amounts to alpha = 10° (Fig. 3. 35) and the 
Dachwinkel, assume roof or top angle beta = 1°35'. Both of these angles change 
dynamically under the influence of the additional tilted shaft (11). These support the 
sideforces, coming from the wheel carriers directly against the subframe (1). They 
raise the lateral stability of the vehicle, and provide an absolute neutral elastic steer- 
ing under side-forces and also, that in driving mode, favourable toe-in alterations 
appear during spring deflection, and also under load (Fig. 3.20). The described reac- 
tion of load alteration in paragraph 2.12 disappears - in connection with the arrange- 
ment and adaptation of bearings 2 to 5 - almost entirely. 
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Fig. 1.16 Flat, non-driven air-suspended semi-trailing-arm rear axle of the 
Mercedes-Benz V class, whose driven front axle with spring-and-shock absorber 
strut has conventional coil springs. The air-spring bellows are supplied by an electri- 
cally powered compressor. The individual wheel adjustment permits the lowering or 
lifting of the vehicle as well as a constant vehicle height, regardless of - even one- 
sided - loading. It is also possible to counteract body tilt during cornering. The damp- 
ing properties of the shock absorbers are affected by spring bellow pressure 
depending on the load. The short rolling lobe air-spring elements make a low load 
floor possible; its rolling movement during compression and rebound results in self- 
cleaning. In the case of semi-trailing arm axles, roll understeer of the rear axle can 
be achieved (Fig. 3.73) by means of a negative verticle angle of pivot-axis inclination 
(Fig. 3.36); the kinematic toe-in alteration is also reduced (Fig. 3.49). 



rebound-travel they cause spatial movement, so the drive shafts need two joints 
per side with angular mobility and length compensation (Fig. 1.17). The hori- 
zontal and vertical angles determine the roll steer properties. 

When the control arm is a certain length, the following kinematic character- 
istics can be positively affected by angles a and jS (Fig. 3.20): 

• height of the roll centre; 

• position of the radius-arm axis; 

• change of camber; 

• toe-in change; 

Camber and toe-in changes increase the bigger the angles a and (3: semi-trailing 
axles have an elastokinematic tendency to oversteering. 
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Fig. 1.17 Constant velocity sliding joints by GKN Automotive. In front-drive vehi- 
cles, considerable articulation angles of the drive axles occur, sometimes even 
during straight running, as a result of the installation situation, short propshafts and 
lifting movements of the body due to torque steer effects. These result in force and 
moment non-conformities and losses which lead to unwanted vibration. The full-load 
sliding ball joint (top, also see Fig. 1.53) permits bending angles of up to 22° and 
displacements of up to 45 mm. Forces are transmitted by means of six balls that run 
on intersecting tracks. In the rubber-metal tripod sliding joint (bottom), three rollers 
on needle bearings run in cylindrically machined tracks. With bending angles of up to 
25° and displacements of up to 55 mm, these joints run particularly smoothly and 
hence quietly. 



1.2.6 Multi-link suspension 

A form of multi-link suspension was first developed by Mercedes-Benz in 1982 
for the 190 series. Driven and non-driven multi-link front and rear suspensions 
have since been used (Figs 1.1, 1.18, 1.19 and 1.44). 

Up to live links are used to control wheel forces and torque depending on the 
geometry, kinematics, elastokinematics and force application of the axle. As the 
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Fig. 1.18 Multi-link suspension of Ford Werke AG. Derived from the Mondeo 
Turnier model series, multi-link suspension is used by Ford for the first time in the 
Focus models (1998) in the segment of C class vehicles. This is called the 'control 
sword axle' after the shape of the longitudinal link. As there are five load paths avail- 
able here instead of the two that exist in twist-beam axles and trailing arm axles, 
there is great potential for improvement with regard to the adjustment of riding 
comfort, driving safety and noise and vibration insulation. As a result of a very elas- 
tic front arm bush, the high level of longitudinal flexibility necessary for riding comfort 
is achieved. At the same time, very rigid and accurate wheel control for increased 
driving safety is ensured by the transverse link, even at the stability limit. The longi- 
tudinal link is subject to torsional stress during wheel lift and to buckling stress when 
reversing. By using moulded parts, it was possible to reduce the unsprung masses 
by 3.5 kg per wheel. 



arrangement of links is almost a matter of choice depending on the amount of 
available space, there is extraordinarily wide scope for design. In addition to the 
known benefits of independent wheel suspensions, with the relevant configura- 
tion the front and rear systems also offer the following advantages: 

• Free and independent establishment of the kingpin offset, disturbing force and 
torque developed by the radial load. 

• Considerable opportunities for balancing the pitching movements of vehicles 
during braking and acceleration (up to more than 100% anti-dive, anti-lift and 
anti-squat possible). 

• Advantageous wheel control with regard to toe-in, camber and track width 
behaviour from the point of view of tyre force build-up, and tyre wear as a 
function of jounce with almost free definition of the roll centre and hence a 
very good possibility of balancing the self-steering properties. 

• Wide scope for design with regard to elastokinematic compensation from the 
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Fig. 1.19 Multi-link rear suspension of the BMW 5 series (E39, 1996). For the first 
time in large-scale car production, mainly aluminium is used for the suspension 
system derived from the geometry of the BMW 7 series. 

The subframe (rear-axle support) (1), produced from welded aluminium tubes, is 
attached to the bodywork by means of four large rubber mounts (2). These are soft 
in a longitudinal direction for the purposes of riding comfort and noise insulation and 
rigid in a transverse direction to achieve accurate wheel control. The differential gear 
also has compliant mounts (3). The wheel carrier is mounted on a U-shaped arm (5) 
at the bottom and on the transverse link (7) and inclined guide link (8) at the top. As 
a result of this inclined position, an instantaneous centre is produced between the 
transverse link and guide link outside the vehicle which leads to the desired brake 
understeer during cornering and the elastokinematic compensation of deformation 
of the rubber bearings and components. The driving and braking torque of the wheel 
carrier (11) is borne by the 'integral' link (9) on the swinging arm (5), which is subject 
to additional torsional stress as a result. This design makes it possible to ensure 
longitudinally elastic control of the swinging arm on the guide bearing (10) for 
reasons of comfort, without braking or driving torque twisting the guide bearings as 
would be the case with torque borne by pairs of longitudinal links. The stabilizer 
behind presses on the swinging arm (5) by means of the stabilizer link (6), whereas 
the twin-tube gas-pressure shock absorber, whose outer tube is also made of 
aluminium, and the suspension springs provide a favourably large spring base 
attached directly to the wheel carrier (11). For reasons of weight, the wheel discs are 
also made of aluminium plate. The wheel carrier is made of shell cast aluminium. The 
rear axle of the station wagon BMW Tourer is largely similar in design. However, the 
shock absorber extends from the U-shaped swinging arm in order to allow for a wide 
and low loading area. 
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point of view of (a) specific elastokinematic toe-in changes under lateral and 
longitudinal forces and (b) longitudinal elasticity with a view to riding comfort 
(high running wheel comfort) with accurate wheel control. 

As a result of the more open design, the wheel forces can be optimally 

controlled, i.e. without superposition, and introduced into the bodywork in an 

advantageous way with wide distances between the supports. 

The disadvantages are: 

• increased expenditure as a result of the high number of links and bearings; 

• higher production and assembly costs; 

• the possibility of kinematic overcorrection of the axle resulting in necessary 
deformation of the bearings during vertical or longitudinal movements; 

• greater sensitivity to wear of the link bearings; 

• high requirements with regard to the observation of tolerances relating to 
geometry and rigidity. 



1.3 Rigid and semi-rigid crank axles 

1.3.1 Rigid axles 

Rigid axles (Fig. 1.20) can have a whole series of disadvantages that are a 
consideration in passenger cars, but which can be accepted in commercial 
vehicles: 

• Mutual wheel influence (Fig. 1.21). 

• The space requirement above the beam corresponding to the spring bump 
travel. 

• Limited potential for kinematic and elastokinematic fine-tuning. 

• Weight - if the differential is located in the axle casing (Fig. 1.20), it produces 
a tendency for wheel hop to occur on bumpy roads. 

• The wheel load changes during traction (Fig. 1.22) and (particularly on twin 
tyres) there is a poor support base b Sp for the body, which can only be 
improved following costly design work (Fig. 1 .42). 

The effective distance b Sp of the springs is generally less than the tracking width 
b T , so the projected spring rate c v is lower (Fig. 1.23). As can be seen in Fig. 1.61, 
the springs, and/or suspension dampers, for this reason should be mounted as far 
apart as possible (see also Section 5.3 and Chapter 6 in Ref. [3]). 

The centrifugal force (F c .n„, Fig. 1.6) acting on the body’s centre of gravity 
during cornering increases the roll pitch where there is a rigid axle (see Section 
5.4.3.5). 

Thanks to highly developed suspension parts and the appropriate design of 
the springing and damping, it has been possible to improve the behaviour of 
rigid drive axles. Nevertheless, they are no longer found in standard-design 
passenger cars, but only on four-wheel drive and special all-terrain vehicles 
(Figs 1.43 and 1.68). 
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Fig. 1.20 Rear axle on the VW LT light commercial vehicle. The long, parabola- 
shaped rolled-out, dual leaf springs cushion the frame well and are progressive. The 
rubber buffers of the support springs come into play when the vehicle is laden. 
Spring travel is limited by the compression stops located over the spring centres, 
which are supported on the side-members. The spring leaves are prevented from 
shifting against one another by the spring clips located behind them, which open 
downwards (see also Fig. 1.68). 

The anti-roll bar is fixed outside the axle casing. The benefits of this can be seen 
in Fig. 1 .23. The shock absorbers, however, are unfortunately located a long way to 
the inside and are also angled forwards so that they can be fixed to the frame side- 
members (Fig. 5.23). 



Fig. 1.21 Mutual influ- 
ence of the two wheels of a 
rigid axle when travelling 
along a road with pot-holes, 
shown as 'mutually-opposed 
springing'. One wheel 
extends along the path s 2 
and the other compresses 
along the path Si. 




Because of its weight, the driven rigid axle is outperformed on uneven roads 
(and especially on bends) by independent wheel suspension, although the defi- 
ciency in road-holding can be partly overcome with pressurized mono-tube 
dampers. These are more expensive, but on the compressive stroke, the valve 
characteristic can be set to be harder without a perceptible loss of comfort. With 
this, a responsive damping force is already opposing the compressing wheels. 
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Rear view 




Fig. 1.22 If the differential is located in the body of the rigid axle, the driving 
torque M A coming from the engine is absorbed at the centres of tyre contact, result- 
ing in changes to vertical force ±AF<w,r. 

In the example, M A would place an additional load on the left rear wheel 
(F x w,r + AF W r) and reduce the vertical force (F<w,r - AF Wr ) on the right one. 

On a right-hand bend the right wheel could spin prematurely, leading to a loss in 
lateral force in the entire axle and the car tail suddenly breaking away (Fig. 2.37; see 
also Section 6.5 in Ref. [3]). 




Fig. 1.23 When considering the roll pitch of the body with the rigid axle the 
distances bs P (of the springs F) and bs (of the anti-roll bar linkage points) are included 
in the calculation of the transfer with mutually opposed springing. i v is squared to 
give the rate c v : 

i v = b,/bsp and c v = c r i% 

The greater the ratio, the less the roll reaction applied by the body, i.e. the springs 
and anti-roll bar arms should be fixed as far out as possible on the rigid axle casing 
(see Section 5. 4. 3. 5 and Equations 5.20 and 5.21). 
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This is the simplest and perhaps also the most economic way of overcoming the 
main disadvantage of rigid axles. Section 5.6.4 contains further details. 

In contrast to standard-design vehicles, the use of the rigid rear axle in front- 
wheel drive vehicles has advantages rather than disadvantages (Fig. 1.24). As 
Section 6.1.3 explains, the rigid rear axle weighs no more than a comparable 
independent wheel suspension and also gives the option of raising the body roll 
centre (which is better for this type of drive, see Fig. 3.42). Further advantages, 
including those for driven axles, are: 

• they are simple and economical to manufacture; 

• there are no changes to track width, toe-in and camber on full bump/rebound- 
travel, thus giving 

• low tyre wear and sure-footed road holding; 

• there is no change to wheel camber when the body rolls during cornering (Figs 
1.6 and 3.54), therefore there is constant lateral force transmission of tyres; 

• the absorption of lateral force moment M Y = F T x /i Ro>r by a transverse link, 
which can be placed at almost any height (e.g. Panhard rod, Fig. 1.25); 

• optimal force transfer due to large spring track width bsp 

• the lateral force compliance steering can be tuned towards under- or over- 
steering (Figs 3.81 and 1.29). 




Fig. 1.24 The rear axle on a Ford Escort Express delivery vehicle. Single leaf 
springs carry the axle and support the body well at four points. The shock absorbers 
(fitted vertically) are located close to the wheel, made possible by slim wheel-carri- 
ers/hub units. The additional elastomer springs sit over the axle tube and act on the 
side members of the body when at full bump. 
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Fig. 1.25 On rigid axles the axle body absorbs the bending moments which arise 
as a result of lateral forces. Only the force F T occurs between the suspension and 
the body, and its size corresponds to the lateral forces F X w,r,o and F x w.rj- On a hori- 
zontal Panhard rod, the distance b Ro ,r is also the height of the body roll centre. The 
higher this is above ground, the greater the wheel force change ±AF z ,wr- 



There are many options for attaching a rigid axle rear suspension beneath the 
body or chassis frame. Longitudinal leaf springs are often used as a single suspen- 
sion control arm, which is both supporting and springing at the same time, as 
these can absorb forces in all three directions as well as drive-off and braking 
moments (Figs 1.26 and 5.20). This economical type of rear suspension also has 
the advantage that the load area on lorries and the body of passenger cars can be 
supported in two places at the back: at the level of the rear seat and under the boot 
(Fig. 1.27). This reduces the stress on the rear end of the car body when the boot 
is heavily laden, and also the stress on the lorry frame under full load (Fig. 1.20). 

The longitudinal leaf springs can be fitted inclined, with the advantage that 
during cornering the rigid rear axle (viewed from above) is at a small angle to 
the vehicle longitudinal axis (Fig. 1.28). To be precise, the side of the wheel base 
on the outside of the bend shortens somewhat, while the side on the inside of the 
bend lengthens by the same amount. The rear axle steers into the bend and, in 
other words, it is forced to self-steer towards ‘roll-understeering’ (Fig. 1.29). 




Fig. 1.26 Longitudinal leaf springs can 
absorb both forces in all directions and 
the drive-off, braking and lateral force 
moment. (See Section 6.2 in Ref. [3]). 
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Fig. 1.27 Longitudinal rear leaf springs support the body of a car in two places - 
under the back seats and under the boot - with the advantage of reduced bodywork 
stress. 



This measure can, of course, have an adverse effect when the vehicle is travel- 
ling on bad roads, but it does prevent the standard passenger car’s tendency to 
oversteer when cornering. Even driven rigid axles exhibit - more or less irre- 
spective of the type of suspension - a tendency towards the load alteration 
(torque steering) effect, but not to the same extent as semi-trailing link suspen- 
sions. Details can be found in Section 2.12.2 and in Ref. [2] and Ref. [9]. 

On front-wheel drive vehicles, the wheels of the trailing axle can take on a 
negative camber. This improves the lateral grip somewhat, but does not promote 
perfect tyre wear. This is also possible on the compound crank suspension (a 



Fig. 1.28 Angled longitudinal leaf 
springs fixed lower to the body at the front 
than at the back cause the rigid rear axle to 
self-steer towards understeering (so-called 
roll pitch understeering). Where there is 
body roll, the wheel on the outside of the 
bend, which is compressing along the path 
Si, is forced to accommodate a shortening 
of the wheel base A/i, whilst the wheel on 
the inside of the bend, which is extending 
by S 2 , is forced to accommodate a length- 
ening of the wheel base by A / 2 . The axle is 
displaced at the steering angle Ar(see also 
Fig. 3.75). 
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Fig. 1.29 If a rigid rear axle steers 
with the angle Ar towards understeer, 
the tail moves out less in the bend and 
the driver has the impression of more 
neutral behaviour. Moreover, there is 
increased safety when changing lanes 
quickly at speed. 

The same occurs if the outside 
wheel of an independent wheel 
suspension goes into toe-in and the 
inside wheel goes into toe-out (see 
Fig. 3.79). 



suspension-type halfway between a rigid axle and independent wheel suspen- 
sion) which, up to now, has been fitted only on front-wheel drive vehicles. 
Details are given in Fig. 1.2 and Section 1. 6.4.1. 

1.3.2 Semi rigid crank axles 

The compound crank suspension could be described as the new rear axle design 
of the 1970s (Figs 1.30 and 1.2) and it is still used in today’s small and medium- 
sized front-wheel drive vehicles. It consists of two trailing arms that are welded 
to a twistable cross-member and fixed to the body via trailing links. This member 
absorbs all vertical and lateral force moments and, because of its offset to the 
wheel centre, must be less torsionally stiff and function simultaneously as an anti- 
roll bar. The axle has numerous advantages and is therefore found on a number 
of passenger cars which have come onto the market. 

From an installation point of view: 

• the whole axle is easy to assemble and dismantle; 

• it needs little space; 

• a spring damper unit or the shock absorber and springs are easy to fit; 

• no need for any control arms and rods; and thus 

• only few components to handle. 

From a suspension point of view: 

• there is a favourable wheel to spring damper ratio (See Section 5.3.5 in Ref. [3]); 

• there are only two bearing points Oi and O rs , which hardly affect the springing 
(Fig. 1.31); 

• low weight of the unsprung masses (see Section 6.1.3); and 

• the cross-member can also function as an anti-roll bar. 
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Fig. 1.30 Twist-beam suspension of the V W Golf IV (1997), VW Bora (1999) and 
Audi A3 (1996). The rubber-metal bearings of the axle body are set at 25° to the 
transverse suspension of the vehicle in order to improve the self-steering properties 
of the suspension together with the rigidity of the bearings which varies in three 
directions in space. Compared with the previous model, it was possible to reduce 
unwanted lateral-force toe-out steer resulting from link deformation by 30% to 
approximately 1 mm per 500 N of lateral force. Figure 1 .72 shows the four-wheel 
drive version of the VW Golf IV. 



/""Direction 




Fig. 1.31 The lateral forces FV.w.r.o and F ^w.r.i occurring at the centres of tyre 
contact during cornering are absorbed at the bearing points 0\ and O rs . This results 
in a moment M y = (Fy,w,r, 0 + Fyw.r.i) Xr = Fx. 0 bo which (depending on the elasticity 
of the rubber bearing) can cause 'lateral force oversteering'. The longer the control 
arms (distance r) and the closer the points Oi and O rs (distance bo), the greater the 
longitudinal forces ±F*o. 
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From a kinematic point of view: 

• there is negligible toe-in and track width change on reciprocal and parallel 
springing; 

• there is a low change of camber under lateral forces (Figs 3.54 and 3.57); 

• there is low load-dependent body roll understeering of the whole axle (Fig. 
3.38 and 3.78); and 

• good radius-arm axis locations Oi and O rs (Fig. 1.31), which reduce tail-lift 
during braking. 

The disadvantages are: 

• a tendency to lateral force oversteer due to control arm deformation (Fig. 
3.72); 

• torsion and shear stress in the cross-member; 

• high stress in the weld seams; which means 

• the permissible rear axle load is limited in terms of strength; 

• the limited kinematic and elastokinematic opportunities for determining the 
wheel position; 

• the establishment of the position of the instantaneous centre by means of the 
axle kinematics and rigidity of the twist-beam axle; 

• the mutual effect on the wheel; 

• the difficult decoupling of the vibration and noise caused by the road surface; 
and 

• the considerable need for stability of the bodywork in the region of those 
points on the front bearings at which complex, superposed forces have to be 
transmitted. 



1.4 Front-mounted engine, rear-mounted 
drive 

In passenger cars and estate cars, the engine is approximately in the centre of 
the front axle and the rear wheels are driven (Fig. 1.32). To put more weight on 
the rear axle and obtain a more balanced weight distribution, Alfa Romeo, 
Porsche (928, 968 models) and Volvo integrated the manual transmission with 
the differential. This is also the case with the Chevrolet Corvette sports car 
(1998; Figs 1.33 and 1.34). With the exception of light commercial vehicles, all 
lorries have the engine at the front or centrally between the front and rear axles 
together with rear- wheel drive vehicles. The long load area gives hardly any 
other option. Articulated lorries, where a major part of the trailer weight - the 
trailer hitch load - is carried over the rear wheels, have the same configuration. 
On buses, however, the passengers are spread evenly throughout the whole inte- 
rior of the vehicle, which is why there are models with front, central and rear 
engines. 





Fig. 1.32 Front-mounted engine, rear-mounted drive (BMW 3 series E46, 1998). The manual transmission is flange-mounted on 
the engine, which is longitudinally positioned over the front axle. The rear-axle differential is driven by means of a propshaft. The fuel 
tank is situated in front of the rear axle for safety in case of an accident. The battery was placed in the boot in order to achieve a 
balanced 50:50 axle-load distribution. Figure 1.1 shows the rear axle in detail. 
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Fig. 1.33 Chevrolet Corvette (1998). In order to achieve balanced axle-load distri- 
bution, a more rigid overall system (necessary on account of the greater flexibility of 
the plastic bodywork) and more leg room, the gearbox is integrated with the rear-axle 
differential. Compared with standard drives, the cardan shaft turns higher (with 
engine speed) but is subject to correspondingly less torque. The front and rear axles 
have plastic (fibreglass) transverse leaf springs. 

Compared with the previous model, unwanted vibration, particularly on an uneven 
road surface, is reduced as a result of the shorter length of the wheel spindles of 63 
mm and the small steering-axle angle of 8.8 degrees. Owing to the combination of 
a castor angle of 6.5 degrees with a castor trail of 36 mm (previous model: 5.9 
degrees, 45 mm), a good compromise is achieved between high lateral rigidity of the 
axle and good feedback properties. 



1.4.1 Advantages and disadvantages of the front-mounted 
engine, rear-mounted drive design 

The standard design has a series of advantages on passenger cars and estate cars: 

• There is hardly any restriction on engine length, making it particularly suitable 
for more powerful vehicles (in other words for engines with 8-12 cylinders). 

• There is low load on the engine mounting, as only the maximum engine torque 
times the conversion of the lowest gear without differential transmission has 
to be absorbed. 

• Insulation of engine noise is relatively easy. 

• Under full load most of the vehicle mass is on the driven rear axle (important 
for estate cars and trailers (Figs 1.36 and 6.22)). 

• A long exhaust system with good silencing and catalytic converter configuration. 

• Good front crumple zone, together with the ‘submarining’ power plant unit, 
i.e. one that goes underneath the floor panel during frontal collision. 
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Fig. 1.34 Rear axle (left side of wheel) of the Chevrolet Corvette (1998). Links 1, 
2 and wheel carrier 3 of the multi-link suspension are made from aluminium in order 
to reduce the unsprung masses. The plastic leaf spring 4 is mounted at two places 
on the right and left sides of the body (5) so that it also helps to make the body more 
resistant to roll. Roll spring stiffness is further increased by stabilizer 6. This is 
attached to subframe 7, which is also made of aluminium. The design of the wheel 
carrier 3 on the front and rear axles is the same, but not the wheel links 1 and 2. The 
toe-in control of the rear axle is exercised very stiffly and precisely, via tie rod 8. 



• Simple and varied front axle designs are possible irrespective of drive forces. 

• More even tyre wear thanks to function distribution of steering/drive. 

• Uncomplicated gear shift mechanism. 

• Optimum gearbox efficiency in direct gear because no force-transmitting 
bevel gear is in action (Fig. 6.19). 

• Sufficient space for housing the steering system in the case of a recirculating 
ball steering gear. 

• Good cooling because the engine and radiator are at the front; a power-saving 
fan can be fitted. 

• Effective heating due to short hot-air and water paths. 

The following disadvantages mean that, in recent years, only a few saloon 

cars under 2 1 engine displacement have been launched internationally 

using this design, and performance cars also featured the front-mounted 

design: 
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Fig. 1.35 On a front-wheel drive 
(left) the vehicle is pulled. The result 
is a more stable relationship 
between the driving forces F x ,w, a and 
the inertia force F c , v Conversely, in 
the case of driven rear wheels an 
unstable condition is theoretically 
evident; front axle settings ensure 
the necessary stabilization. 



• Unstable straight-running ability (Fig. 1.35), which can be fully corrected by 
special front suspension geometry settings, appropriate rear axle design and 
suitable tyres. 

• The driven rear axle is slightly loaded when there are only two persons in the 
vehicle, leading to poor traction behaviour in wet and wintry road conditions - 
linked to the risk of the rear wheels spinning, particularly when tight bends are 
being negotiated at speed. This can be improved by setting the unladen axle 
load distribution at 50%/50% which, however, is not always possible (Figs 1.36 
and 6.22). It can be prevented by means of drive-slip control (see Ref. [7]). 

• A tendency towards the torque steer effect (Fig. 2.53) and, therefore, 

• complex rear independent wheel suspension with chassis subframe, differen- 
tial gear case and axle drive causing 

• restrictions in boot size 

• The need for a propshaft between the manual gearbox and differential (Fig. 
1.32) and, therefore, 

• a tunnel in the floor pan is inevitable, plus an unfavourable interior to vehicle 
-length ratio. 



Fig. 1.36 Average proportional axle load distribution based on drive type and load- 
ing condition. With the standard design saloon, when the vehicle is fully laden, the 
driven rear wheels have to carry the largest load. With the front-wheel drive, 
however, with only two persons in the vehicle, the front wheels bear the greater load. 





Front-wheel drive 


Rear wheel drive 


Rear engine 


front 


rear 


front 


rear 


front 


rear 


Empty 


61 


39 


50 


50 


40 


60 


2 passengers at the front 


60 


40 


50 


50 


42 


58 


4 passengers 


55 


45 


47 


53 


40 


60 


5 passengers and luggage 


49 


51 


44 


56 


41 


59 




Types of suspension and drive 35 



1.4.2 Non-driven front axles 

The standard design for passenger cars that have come onto the market in 
recent years have McPherson struts on the front axle, as well as double wish- 
bone or multi-link suspensions. The latter type of suspension is becoming 
more and more popular because of its low friction levels and kinematic 
advantages. Even some light commercial vehicles have McPherson struts or 
double wishbone axles (Fig. 1.7). However, like almost all medium-sized and 
heavy commercial vehicles, most have rigid front axles. In order to be able to 
situate the engine lower, the axle subframe has to be offset downwards (Fig. 
1.37). 

The front wheels are steerable; to control the steering knuckle 5 (Fig. 1.38) 
on double wishbone suspensions, there are two ball joints that allow mobility 
in all directions, defined by full bump/rebound-travel of the wheels and the 
steering angle. The wishbone, which accepts the spring, must be carried on a 
supporting joint (item 7) in order to be able to transmit the vertical forces. A 
regular ball joint transferring longitudinal and lateral forces (item 8) is gener- 
ally sufficient for the second suspension control arm. The greater the distance 
between the two joint points, the lower the forces in the components. Figure 
1.39 shows a front axle with ball joints a long way apart. 



Fig. 1.37 The front rigid 
axle on the Mercedes-Benz 
light commercial vehicle of 
the 207 D/308 series with 
recirculating ball steering gear 
and steering rod 1 parallel to 
the two-layer parabolic spring. 
This rod has to be slightly 
shorter than the front side of 
the spring, so that both parts 
take on the same motion 
curve when the axle bottoms 
out (see also Fig. 4.6). The 
brace 3, running from the 
steering column jacket 2 to 
the body, bends on impact. 
The T-shaped axle casing 4, 
which is cranked downwards 
and to which the springs are 
fastened, can be seen in the 
section. The elastomer spring 
5 sits on the longitudinal 
member of the frame and the 
two front wheels are joined 
by the tie rod 6. The safety 
steering wheel has additional 
padding. 
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Fig. 1.38 Front hub carrier 
(steering knuckle) on the 
Mercedes-Benz S class 
(W40, 1997) with a large 
effective distance c (see also 
Fig. 1 .4). The upper trans- 
verse control arm 6 forms 
the casing for the ball pivot of 
the guiding joint, whereas 
the lower supporting joint 7 
is pressed into the hub 
carrier 5. The ventilated brake 
disc 34 (dished inwards), the 
wheel hub 9, the double- 
hump rim 43 with asymmetri- 
cal drop centre and the space 
for the brake caliper (not 
included in the picture) are 
clearly shown. 



The base on McPherson struts is better because it is even longer. Figure 1 .40 
shows a standard design and Fig. 1.8 the details. 

The coil spring is offset at an angle to reduce the friction between piston rod 
2 and the rod guide. The lower guiding joint (point G) performs the same func- 
tion as on double wishbones, whereas point E is fixed in the shock tower, which 
is welded to the wheel house panel. As the wheels reach full bump, piston rod 2 
moves in the cylinder tube (which sits in the carrier or outer tube, see Fig. 5.53) 
and when there is a steering angle the rod and spring turn in an upper strut 
mount, which insulates noise and is located at point E (Fig. 1.9). 

Wheel controlling damper struts do not require such a complex mount. The 
piston rod turns easily in the damping cylinder (Fig. 1.41). Only the rod needs 
noise insulation. The coil spring sits separately on the lower control arm, which 
must be joined to the steering knuckle via a supporting joint. The damper is 
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Fig. 1.39 Multi-link front suspension of the Mercedes-Benz model W220 (S 
class, 1998). Based on a double wishbone axle, two individual links (tension strut 
and spring link) are used instead of the lower transverse link in order to control the 
steering axle nearer to the middle of the wheel. As a result, the kingpin offset and 
disturbing force lever arm are reduced and vibrations are caused by tyre imbal- 
ances and brake-force fluctuations is consequently minimized. Crash performance 
is also improved by the more open design. The air-spring struts with integrated 
shock absorber (see Fig. 5.19) proceed directly from the spring link. The laterally 
rigid rack and pinion steering in front of the middle of the wheel leads to the 
desired elastokinematic understeer effect during cornering owing to the laterally 
elastic spring link bearings. The manufacturing tolerances are kept so small by 
means of punched holes that the adjustment of camber and camber angles in 
production is not necessary. 



lighter than a shock-absorbing stmt and allows a greater bearing span across the 
damping cylinder, permits a wider, flatter engine compartment (which is more 
streamlined) and is easier to repair. However, it is likely to be more costly and 
offsetting the spring from the damper (Figs 1.8 and 1.11) may cause slip-stick 
problems with a loss of ride comfort. 

In the case of front-wheel drive vehicles, there may be a problem in the lack 
of space between the spring and the drive axle. 
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Fig. 1.40 Spring strut front axle of the BMW Roadster Z3, which Lemforder 
Fahrwerktechnik produce in the USA and supply directly to the assembly line there. 
The additional springs 2 are positioned in the coil springs (Fig. 1.11) which are offset 
at an angle in order to reduce friction. The stabilizer 6 is connected to the lower links 
by the struts 3. 

The cross-member 7 which serves as the subframe takes the hydraulically 
supported rack and pinion steering 1 at the front and the transverse link 4 on its 
lower side. The L-shape of the transverse link makes good decoupling of the lateral 
rigidity and longitudinal elasticity possible: lateral forces are introduced directly into 
the rigid front bearing, while longitudinal forces produce a rotational movement 
about the front bearing as a result of the laterally elastic rear bearing 5. As shown in 
Fig. 3.84, these rubber elements ensure a defined lateral springing. The large-diam- 
eter internally ventilated brake discs (15" rim) and the third-generation, two-row 
angular ball bearings, whose outside ring also acts as a wheel hub, are clearly shown. 

The kingpin offset at ground (scrub radius) depends on the tyre width and thus the 
wheel offset (Fig. 3.1 OL); it is r„ = +1 0 mm on 1 85/65 R 1 5 tyres and r 2 = +5 mm on 
205/60 R 1 5 tyres. 
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Fig. 1.41 Front axle of the Mercedes-Benz Sprinter series (1995). The wheel- 
controlling strut is screwed on to the wheel carrier, which is, in turn, connected to 
the lower cross-member by means of a ball joint. Both the vehicle suspension and 
roll stabilization are ensured by means of a transverse plastic leaf springmounted on 
rubber elements. Large rubber buffers with progressive rigidity act as additional 
springs and bump stops. 



1.4.3 Driven rear axles 

Because of their cost advantages, robustness and ease of repair rigid axles are 
fitted in practically all commercial and off-road vehicles (Fig. 1.43) in combi- 
nation with leaf springs, coil springs or air springing (Figs 1.20 and 1.42). 
They are no longer found in saloons and coupes. In spite of the advantages 
described in Section 1.3, the weight of the axle is noticeable on this type of 
vehicle. 

For independent suspension, the semi-trailing arm axle, shown in Figs 1.15 
and 1.45, is used as independent wheel suspension in passenger and light 
commercial vehicles. This suspension has a chassis subframe to which the 
differential is either fixed or, to a limited degree, elastically joined to give addi- 
tional noise and vibration insulation. The springs sit on the suspension control 
arms. This gives a flat, more spacious boot, but with the disadvantage that the 
forces in all components become higher. 
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Fig. 1.42 Driven rear axle with air springs of the Mercedes-Benz lorry 1017 L to 
2219 L 6 x 2. The axle is carried in the longitudinal and lateral directions by the two 
struts 1 and the upper wishbone type control arm 2. The four spring bellows sit 
under the longitudinal frame members and, because of the twin tyres, they have a 
relatively low effective bs P . The tracking width b, divided by bs P yields approximately 
the ratio i v = 2.2. As shown in Equation 5.19, with reciprocal springing the rate is c v , r 
which amounts to only 21 % of the rate c, with parallel springing. 

To reduce body roll pitch the anti-roll bar 3 was placed behind the axle and is 
supported on the frame via the rod 4. The four shock absorbers 5 are almost vertical 
and are positioned close to the wheels to enable roll movements of the body to fade 
more quickly. 




Types of suspension and drive 41 




Fig. 1.43 The rear axle on the all-terrain, general-purpose passenger car, 
Mitsubishi Pajero. The rigid axle casing 1 is taken through the longitudinal control 
arms 2. These absorb the drive-off and braking forces (and the moments which arise) 
and transmit them to the frame. The rubber mountings 3 in the front fixing points 1, 
which also represent the vehicle pitch pole O r (Fig. 3.160), are designed to be longi- 
tudinally elastic to keep the road harshness due to the dynamic rolling hardness of 
the radial tyre away from the body. The Panhard rod 4 absorbs lateral forces. The 
anti-roll bar 5 is (advantageously) fastened a long way out on the frame (Fig. 1.23). 
The disc brakes, coil springs and almost vertical shock absorbers can be clearly seen. 
Further details are contained in Section 3.5 in Ref. [2], 



Because of its ride and handling advantages, more and more passenger cars 
have double wishbone suspension rear axles or so-called multi-link axles (Figs 
1.1, 1.19, 1.34 and 1.72). 

Most independent wheel suspensions have an easy-to-assemble chassis 
subframe for better wheel control and noise insulation. However, all configura- 
tions (regardless of the design) require drive shafts with length compensation. 
This is carried out by the sliding CV (constant velocity) joints fitted both at the 
wheel and the differential. Figure 1.17 shows a section through a joint of this 
type, and Fig. 1.44 shows a typical modern bearing of a driven rear wheel. 



1.5 Rear and mid engine drive 

The rear-mounted power plant consists of the engine and the differential and 
manual gearbox in one assembly unit, and it drives the rear wheels. The power 
plant can sit behind the axle (Fig. 1.45, rear- mounted engine) or in front of it 
(Fig. 1.46, central engine). This configuration makes it impossible to have a rear 
seat as the engine occupies this space. The resulting two-seater is only suitable 
as a sports or rally car. 
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Fig. 1.44 Rear axle wheel hub carrier with wheel and brake. The drive shaft 7 is 
butt-welded to the CV slip joint 6. The drive shaft transmits the driving torque to the 
wheel hub 15 via a serrated profile. Part 15 is carried by the maintenance-free, two- 
row angular (contact) ball bearing 5. The one-part outer ring is held in the hub carrier 
4 by the snap ring 1 6. 

The seal rings on both sides sit in the permanently lubricated bearing unit. The 
covering panel 1 1 (that surrounds the brake disc 12) acts as additional dirt-protection 
outside, as does collar 9 of the CV joint on the inside. This grips into a cut-out in the 
wheel hub carrier 4 and creates a cavity. The centrifugal effect of the bell-shaped 
joint housing prevents ingress of dirt and water. The brake disc 12 is pulled from 
outside against the flange 1 5 and fixed by dowel 1 4 until the wheel is mounted. The 
jaws 20 of the drum brake acting as a handbrake act on the inside of part 12. At the 
lower end, the illustration shows the fixed calliper 1 of the disc brake. Two hexago- 
nal bolts (item 2) fix it to the wheel hub carrier 4. Piston 3 and the outer brake pad 
are shown cut away (illustration: Mercedes-Benz). 



The disadvantages of rear and central engine drive on passenger cars are: 

• moderate straight running abilities (caster offset at ground angles of up to t = 
8° are factory set); 

• sensitivity to side winds; 

• indifferent cornering behaviour at the stability limit (central engine); 

• oversteering behaviour on bends (rear-mounted engine, see Fig. 2.42); 

• difficult to steer on ice because of low weight on the front wheels; 

• uneven tyre wear front to rear (high rear axle load, see Fig. 1.36); 

• the engine mounting must absorb the engine moment times the total gear ratio; 




Fig. 1 .45 VW Transporter, a light truck which could be used either as an eight-seater bus or for transporting goods, and which has 
the optimal axle load distribution of 50%/50% in almost all loading conditions. The double wishbone suspension at the front, the 
semi-trailing link rear axle and the rack and pinion steering, which is operated via an additional gear set in front, can be seen clearly. 
To achieve a flat load floor throughout, VW changed the Transporter to front-wheel drive in 1990. 
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Fig. 1.46 The Porsche Boxster (1996) has a water-cooled engine which is longitu- 
dinally installed in front of the rear axle. The front axle is designed as a spring strut-type 
axle. The transverse link is arranged almost in extension of the wheel axle; it is 
connected to the longitudinal link by a strut bush which is soft for reasons of comfort. 
This open design and link geometry make it possible to combine a high level of driving 
precision, a result of rigid wheel control, with riding comfort, owing to the longitudinal 
elasticity of the axle. At a camber angle of 8 degrees, good straight running results 
from the large castor displacement of 41 mm. The kingpin offset is -7 mm and the 
disturbing force lever arm is 83 mm. The pitch centre of the front axle was located near 
to the road to achieve kinematic wheel recession of the axle, which is important for 
riding comfort, with the result that braking-torque compensation is only 10%. 

The rear axle is also a spring strut-type axle in an open link design; the wheel 
carrier, hub and bushes as well as the transverse link are the same as those found 
on the front axle. The open design makes it possible to have an inwardly inclined 
elastokinematic axis of rotation, so that a stabilizing toe-in position of the rear wheels 
is produced during braking. The axle can also be designed to understeer when 
subject to lateral forces. 

The main disadvantages of the mid-engine design are apparent from the boot 
space: only 130 I are available at both the front and back. 



• the exhaust system is difficult to design because of short paths; 

• the engine noise suppression is problematic; 

• complex gear shift mechanism; 

• long water paths with front radiators (Fig. 1.46); 

• high radiator performance requirement because of forced air cooling, the elec- 
tric fan can only be used on the front radiator; 



Types of suspension and drive 45 



• the heating system has long paths for hot water or warm air; 

• the fuel tank is difficult to house in safe zones; 

• the boot size is very limited. 

In the case of vehicles with a short wheel base and high centre of gravity with 
the engine on or behind the rear axle, there is a danger that the vehicle will over- 
turn if it is rolling backwards down a steep slope and the parking brake, which 
acts upon the rear axle, is suddenly applied. 

As a result of the logical further development of the kinematics and elasto- 
kinematics of the axles, Porsche have succeeded in improving straight running 
as well as cornering in the steady state (vehicles now understeer slightly up to 
high lateral accelerations) and transient state as well as when subject to torque 
steer effects. Even in the case of the Boxsters (with mid-engine, see Fig. 1.46, 
since 1996) and 911 (water-cooled since 1997), Porsche are adhering to rear- 
wheel drive (whereas the VW Transporter, Fig. 1.45, has not been built since 
1991) and, in so doing, obtain the following benefits: 

• very agile handling properties as a result of the small yawing moment; 

• very good drive-off and climbing capacity, almost irrespective of load (Fig. 

6 . 22 ); 

• a short power flow because the engine, gearbox and differential form one 
compact unit; 

• light steering due to low front axle load; 

• good braking force distribution; 

• simple front axle design; 

• easy engine dismantling (only on rear engine); 

• no tunnel or only a small tunnel in the floor pan; 

• a small overhang to the front is possible. 



1.6 Front-wheel drive 

The engine, differential and gearbox form one unit, which can sit in front of, 
over, or behind the front axle. The design is very compact and, unlike the stan- 
dard design, means that the vehicle can either be around 100-300 mm shorter, 
or the space for passengers and luggage can be larger. These are probably the 
main reasons why, worldwide, more and more car manufacturers have gone over 
to this design. In recent years only a few saloons of up to 2 1 capacity without 
front- wheel drive have come onto the market. Nowadays, front- wheel drive vehi- 
cles are manufactured with V6 and V8 engines and performances in excess of 
150 kW. 

However, this type of drive is not suitable for commercial vehicles as the rear 
wheels are highly loaded and the front wheels only slightly. Nevertheless, some 
light commercial vehicle manufacturers accept this disadvantage so they can 
lower the load area and offer more space or better loading conditions (Fig. 
1.47). The propshafts necessary on standard passenger cars would not allow 
this. 
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Fig. 1.47 The low cargo 
area on the Peugeot light 
commercial vehicle J 5/J 7 
is achieved due to front- 
wheel drive and a semi- 
trailing link axle to the rear 
(similar to the one in Fig. 
1.63). 



1.6.1 Types of design 

1.6.1. 1 Engine mounted longitudinally ‘North-South’ in front of the axle 

In-line or V engines mounted in front of the axle - regardless of the wheelbase 
- give a high front axle load, whereby the vehicle centre of gravity is pushed a 
long way forwards (Fig. 1.48). Good handling in side winds and good traction, 
especially in the winter, confirm the merits of a high front axle load, whereas the 
heavy steering from standing (which can be rectified by power-assisted steer- 
ing), distinct understeering during cornering and poor braking force distribution 
would be evidence against it. 

This type of design, as opposed to transverse mounting, is preferred in the 
larger saloons as it allows for relatively large in-line engines. The first vehicles 
of this type were the Audi 80 and 100. Inclining the in-line engine and placing 
the radiator beside it means the front overhang length can be reduced. Automatic 
gearboxes need more space because of the torque converter. This space is read- 
ily available with a longitudinally mounted engine. 

A disadvantage of longitudinal engines is the unfavourable position of the 
steering gear: this should be situated over the gearbox. Depending on the axle 
design, this results in long tie rods with spring strut (McPherson) front axles 
(Fig. 1.57). 

1.6. 1.2 Transverse engine mounted in front of the axle 

In spite of the advantage of the short front overhang, only limited space is avail- 
able between the front wheel housings (Figs 1.49 and 1.50). This restriction 
means that engines larger than an in-line four cylinder or V6 cannot be fitted in 
a medium-sized passenger car. Transverse, asymmetric mounting of the engine 
and gearbox may also cause some performance problems. The unequal length of 
the drive shafts affects the steering. During acceleration the vehicle rises and the 
drive shafts take on different angular positions, causing uneven moments around 
the steering axes. The difference between these moments to the left and to the 
right causes unintentional steering movements resulting in a noticeable pull to 
one side (Fig. 3.88); drive shafts of equal length are therefore desirable. This also 
prevents different drilling angles in the drive shaft causing timing differences in 
drive torque build-up. 

The large articulation angle of the short axle shaft can also limit the spring 
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Fig. 1.48 In front-wheel drive vehicles the engine can be mounted longitudinally 
in front of the front axle with the manual gearbox behind. The shaft goes over the 
transverse differential (illustration: Renault). 




Fig. 1.49 Compact power train unit on the Vauxhall Corsa (1997). The engine is 
transverse mounted with the gearbox on the left. The McPherson front axle and 
safety steering column can be seen clearly. 
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Fig. 1 .50 Layout of transverse engine, manual gearbox and differential on the VW 
Polo. Because the arrangement is offset, the axle shaft leading to the left front wheel 
is shorter than that leading to the right one. The shifter shaft between the two can 
be seen clearly. The total mechanical efficiency should be around n ~ 0.9. 



travel of the wheel. To eliminate the adverse effect of unequal length shafts, 
passenger cars with more powerful engines have an additional bearing next to 
the engine and an intermediate shaft, the ends of which take one of the two slid- 
ing CV joints with angular mobility (Figs 1.51 and 1.17). Moreover, ‘flexing 
vibration’ of the long drive shaft can occur in the main driving range. Its natural 
frequency can be shifted by clamping on a suppression weight (Fig. 4.1). 



1.6.2 Advantages and disadvantages of front-wheel drive 

Regardless of the engine position (see Fig. 1.52), front- wheel drive has numer- 
ous advantages: 

• there is load on the steered and driven wheels; 

• good road-holding, especially on wet roads and in wintry conditions - the car 
is pulled and not pushed (Fig. 1.35); 
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Fig. 1.51 Gearbox unit on the Lancia Thema, located beside the transverse 
engine and between the front axle McPherson struts. Owing to the high engine 
performance, the design features two equal-length axle shafts joined by an interme- 
diate shaft. There are also internally ventilated disc brakes. 



• good drive-off and sufficient climbing capacity with only few people in the 
vehicle (Fig. 6.22); 

• tendency to understeer in cornering; 

• insensitive to side wind (Fig. 3.125); 

• although the front axle is loaded due to the weight of the drive unit, the steering 
is not necessarily heavier (in comparison with standard cars) during driving; 

• axle adjustment values are required only to a limited degree for steering align- 
ment (see Section 3.8); 

• simple rear axle design - e.g. compound crank or rigid axles - possible; 

• long wheelbase making high ride comfort possible; 

• short power flow because the engine, gearbox and differential form a compact 
unit; 

• good engine cooling (radiator in front), and an electric fan can be fitted; 

• effective heating due to short paths; 

• smooth car floor pan; 

• exhaust system with long path (important on cars with catalytic converters); 

• a large boot with a favourable crumple zone for rear end crash. 

The disadvantages are: 

• under full load, poorer drive-off capacity on wet and icy roads and on inclines 
(Figs 1.36 and 6.22); 
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Fig. 1.52 Arrangement of the gearbox beneath the motor, which is inclined 

towards the rear, and the differential gear placed behind it. A single oil-economy 

undertakes the supply, in this case, of the driving unit, narrow in its design. 

(Works lllustr. Fa Peugeot) 

• with powerful engines, increasing influence on steering; 

• engine length limited by available space; 

• with high front axle load, high steering ratio or power steering is necessary; 

• with high located, dash-panel mounted rack and pinion steering, centre take- 
off tie rods become necessary (Figs 1.57 and 4.39) or significant kinematic 
toe-in change practically inevitable (Fig. 3.67) 

• geometrical difficult project definition of a favourable interference force lever 
arm and a favourable steering roll radius (scrub radius); 

• engine gearbox unit renders more difficult the arrangement of the steering 
package; 

• the power plant mounting has to absorb the engine moment times the total gear 
ratio (Figs 3.1 10, 6.20 and Equation 6.36) 

• it is difficult to design the power plant mounting (see Ref. [5]) - booming 
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Fig. 1.53 Front-wheel output shaft of GKN Automotive. A constant-velocity slid- 
ing joint is used on the gearbox side and a constant-velocity fixed joint is used on the 
wheel side (Fig. 1.17). The maximum bending angles are 22° for the sliding joint and 
47° for the fixed joint. For reasons of weight, the sliding joint is placed directly into 
the differential and fixed axially by a circlip. A central nut secures attachment on the 
wheel side. The intermediate shaft is designed as a carburized, shaped hollow shaft. 

noises, resonant frequencies in conjunction with the suspension, tip in and let 
off torque effects etc., need to be suppressed; 

• with soft mountings, wavy road surfaces excite the power plant to natural 
frequency oscillation (so-called ‘front end shake’, see Section 5.1.3); 

• there is bending stress on the exhaust system from the power plant movements 
during drive-off and braking (with the engine); 

• there is a complex front axle, so inner drive shafts need a sliding CV joint (Fig. 
1.53); 

• the turning and track circle is restricted due to the limited bending angle (up 
to 50°) of the drive joints (see Section 3.7.2); 

• high sensitivity in the case of tyre imbalance and non-uniformity on the front 
wheels; 

• higher tyre wear in front, because the highly loaded front wheels are both 
steered and driven; 

• poor braking force distribution (about 75% to the front and 25% to the rear); 

• complex gear shift mechanism which can also be influenced by power plant 
movements. 

The disadvantage of the decreased climbing performance on wet roads and 
those with packed snow can be compensated with a drive slip control (ASR, see 
Chapter 6 in Ref. 7) or by shifting the weight to the front axle. On the XM models, 
Citroen moved the rear axle a long way to the rear resulting in an axle load distri- 
bution of about 65% to the front and 35% to the back. The greater the load on the 
front wheels, the more the car tends to understeer, causing adverse steering angles 
and heavy steering, which makes power steering mandatory (see Section 4.2.5). 

1.6.3 Driven front axles 

The following are fitted as front axles on passenger cars, estate cars and light 
commercial vehicles: 

• double wishbone suspensions; 

• multi-link axles; 

• McPherson struts, and (only in very few cases); 

• damper struts. 

On double wishbone suspensions the drive shafts require free passage in those 
places where the coil springs are normally located on the lower suspension 
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control arms. This means that the springs must be placed higher up with the 
disadvantage that (as on McPherson struts) vertical forces are introduced a long 
way up on the wheel house panel. It is better to leave the springs on the lower 
suspension control arms and to attach these to the stiffer body area where the 
upper control arms are fixed. Shock absorbers and springs can be positioned 
behind the drive shafts (see Fig. 1.54) or sit on split braces, which grip round 
the shafts and are jointed to the lower suspension control arms (Fig. 1.55). The 
axle is flatter and the front end (bonnet contour) can be positioned further 
down. The upper suspension control arms are relatively short and have mount- 
ings that are wide apart. This increases the width of the engine compartment 
and the spring shock absorber unit can also be taken through the suspension 
control arms; however, sufficient clearance to the axle shaft is a prerequisite. 



Fig. 1.54 Double wishbone front axle assembly of the Audi A4. The Audi A6 of 1997, 
the Audi A8 (1996) and the VW Passat of 1996 are similar. Four individual transverse 
'arms' on each side form what is effectively a double wishbone arrangement which 
provides lateral and longitudinal wheel location. The two upper members (1 and 2) are 
attached to the spheroidal graphite iron hollow-section stub-axle post (18) by low-friction 
ball and socket joints. The track rod (3) provides the steering input through a horizontal 
extension of this stub-axle post which forms a steering arm. The two lower suspension 
members consist of the radius arm (4) and the transverse arm (5). This latter must be 
capable of reacting high loads from the anti-roll bar (6) and spring/damper (7) attachment 
points. The co-axial spring/damper assembly incorporates a polyurethane rubber bump- 
stop, as well as the hydro-mechanical tension rod stop (Fig. 5.51). The spring/damper unit 
(7) and the inner bearings of the upper members (1) and (2) are mounted on the upper 
suspension bracket. 

The inner ends of suspension members (4 and 5) are located by substantial rubber 
mountings on the inside of the sub-frame (10). The rear mounting (11) is hydraulically 
damped to absorb any harshness associated with radial tyres. The vehicle body is 
mounted on four rubber mountings (1 2 to 1 5) of specified elasticity to ensure a high stan- 
dard of ride comfort. 

The inner drive shafts are located to the rear of the spring dampers (7) and are 
connected to the drive-line by 'tripot' flexible couplings (16). The outer ends of the drive 
shafts transmit the drive to the wheels through double-row angular contact bearings. The 
inner races of these bearings are integral with the wheel hubs. 

The hydraulically assisted steering rack is mounted on the vehicle's scuttle, with the 
steering damper (17) located on one side of the steering housing, and the other side 
attached to the steering rack. 

The high location of the wheel-joint facilitates space saving and a consequent reduc- 
tion of the lever-arm forces, and allows the inner valences of the mudguard to be located 
further outboard. 

The advantages of this type of four-link suspension include the location of the points 
E and G of the paired arms 1 and 2, likewise 4 and 5 (Fig. 3.145), which are subjected to 
outward thrusts resulting from steering input to the steering-arm, which are thereby 
compressed through r = 10 mm (see para 3.9.3). Moreover the high location of the point 
E (Fig. 1 .5) - together with the negative steering roll radius r=- 7 mm (Fig. 3.106) - helps 
to reduce the loads in all components of the front suspension system. 

Other design parameters of the suspension arrangement are: 



King pin inclination 
Caster angle 
Camber angle 
Caster linear trail 



£ = 30' 
t = +3°50' 
a = +3°45' 
ri = +5. 5mm 
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Fig. 1.55 Double wishbone front suspension on the Honda models Prelude and 
Accord with short upper wishbones with widely spaced bearings, lower transverse 
control arms and longitudinal rods whose front mounts absorb the dynamic rolling stiff- 
ness of the radial tyres. The spring shock absorbers are supported via fork-shaped struts 
on the transverse control arms and are fixed within the upper link mounts. This point is 
a good force input node. Despite the fact that the upper wheel carrier joint is located 
high, which gives favourable wheel kinematics, the suspension is compact and the 
bonnet can be low to give aerodynamic advantages. The large effective distance c 
between the upper and lower wheel hub carrier joints seen in Fig. 1.5 results in low 
forces in all mounts and therefore less elastic deflection and better wheel control. 



Fig. 1.56 Lancia front axle. The McPherson strut consists of the wheel hub carrier 1 
and the damping part 2; the two are connected by three screws. The lower spring seat 
3 sits firmly on the outer tube and also acts as a buffer for the supplementary spring 4. 
This surrounds the outer tube 2 giving a longer bearing span (path l-o, Fig. 1.11). The 
supporting bearing 5 is arranged diagonally and thus matches the position of the coil 
spring which is offset to reduce damping friction. The rubber bearing 6 absorbs the 
spring forces, and the rubber bearing 7 absorbs the forces generated by the damping. 
Disc 8 acts as a compression buffer and plate 9 acts as a rebound buffer for this elastic 
bearing. Both parts come into play if the damping forces exceed certain values. 

The centre of the CV joint 10 lies in the steering axis and the wheel hub 11 fits 
onto a two-row angular (contact) ball bearing. Guiding joint 12 sits in a cone of the 
wheel hub carrier 1 and is bolted to the lower transverse control arm 1 3. Inelastic ball 
joints provide the connection to the anti-roll bar 14. The steering axis inclination cr 
between the centre point of the upper strut mount and guiding joint 1 2 and the (here 
slightly positive) kingpin offset at ground (scrub radius) r a are included. 
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Due to the slight track width change, the change of camber becomes favourable. 
Furthermore, the inclination of the control arms provides an advantageous 
radius arm axis position and anti-dive when braking (see also Fig. 1.75). 

Most front-wheel drives coming on to the market today have McPherson 
struts. It was a long time after their use in standard design cars that McPherson 
struts were used at the front axle on front-wheel drive vehicles. The drive shaft 
requires passage under the damping part (Fig. 1.56). This can lead to a shorten- 
ing of the effective distance l-o, which is important for the axle (Fig. 1.11), with 
the result that larger transverse forces F Y ,c and F YK occur on the piston and rod 
guide and therefore increase friction. 

On front-wheel drive vehicles there is little space available to fit rack and 
pinion steering. If the vehicle has spring dampers or damper struts, and if the 
steering gear is housed with short outer take-off tie rods, a toe-in change is 
almost inevitable (Figs 4.4 and 3.67). A high steering system can readily be 
attached to the dash panel (Fig. 1.57), but a centre take-off is then necessary and 
the steering system becomes more expensive (Figs 4.1, 4.11 and 4.39). 
Moreover, the steering force applied to the strut is approximately halfway 
between mountings E and G (Fig. 1.11). The inevitable, greater yield in the 
transverse direction increases the steering loss angle and makes the steering less 
responsive and imprecise. 



1.6.4 Non-driven rear axles 

If rear axles are not driven, use can frequently be made of more simple designs 
of suspension such as twist-beam or rigid. 

1.6.4.1 Twist-beam suspension 

There are only two load paths available on each side of the wheel in the case of 
twist-beam axles. As a result of their design (superposed forces in the links, only 
two load paths), they suffer as a result of the conflicting aims of longitudinal 
springing - which is necessary for reasons of comfort - and high axle rigidity - 
which is required for reasons of driving precision and stability. This is particu- 
larly noticeable with the loss of comfort resulting from bumpy road surfaces. If 
the guide bearings of the axle are pivoted, the superposition of longitudinal and 
lateral forces should particularly be taken into consideration. As a result of the 
design, twist-beam suspensions exhibit unwanted oversteer when subject to 
lateral forces as a result of deformation of the swinging arms. In order to reduce 
the tendency to oversteer, large guide bearings which, as ‘toe-in correcting’ bear- 
ings, permit lateral movements of the whole axle body towards understeer when 
subject to a lateral force are provided. As the introduction of longitudinal and 
lateral forces into the body solely occurs by means of the guide bearings, it must 
be ensured that the structure of the bodywork is very rigid in these places (see 
Figs. 1.30 and 1.58, also Sections 3.6.3 and 3.6.4). 

1. 6.4.2 Rigid axle 

Non-driven rigid axles can be lighter than comparable independent wheel 
suspensions. Their advantages outweigh the disadvantages because of the almost 
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Fig. 1.57 Driven McPherson front axle on the Audi 6 (Audi 100, 1991). The 
dynamic rolling hardness of the radial tyre is absorbed by the rubber bearings shown 
in Fig. 3.85, which sits in the lower transverse control arms. The inner sleeves of 
these bearings take the arms of the anti-roll bar, which also act as a trailing link (clas- 
sic McPherson construction). To avoid greater toe-in changes when the wheels are 
at full bump/rebound-travel, centre take-off tie rods are used on the rack and pinion 
steering higher up and in the centre (Fig. 4.39). Together with these rods, the steer- 
ing damper located on the right is fastened to the end of the steering rack. The 
engine is mounted longitudinally, which means the drive shafts are of equal length 
(see Section 3. 6. 5. 3). 

The development of the axle since 1 997 is shown in Fig. 1 .54. 

non-variable track and camber values during drive. Figure 1.24 illustrates an 
inexpensive yet effective design: 

• axle casing in steel tubing; 

• suspension on single leaf springs. 



The lateral and longitudinal wheel control characteristics are sufficient for 
passenger cars in the medium to small vehicle range and delivery vehicles. The 
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Fig. 1 .58 Twist-beam suspension of the Audi A6 (1 997). An advantageously large 
support width of the guide on the links - important for force application - was chosen 
because of the overhung arrangement. The flexurally resistant, but torsionally soft V 
section profile of the axle is in an upright position in order to ensure that the suspen- 
sion has roll understeer properties through the high position of the centre of thrust 
of the profile. The instantaneous centre height is 3.7 mm and the toe-in alteration is 
0.21 min/mm. Braking-torque compensation of 73% is reached. The stabilizer situ- 
ated in front of the axis of rotation increases the lateral rigidity of the axle design, 
because it accepts tension forces upon the occurrence of lateral wheel forces. The 
linear coil springs mounted on noise-insulating moulded rubber elements on both 
sides are separated from the shock absorbers to allow the maximum loading width 
of the boot as a result of their location under the side rails. The gas-pressure shock 
absorbers support additional springs made of cellular polyurethane which act softly, 
through specific rigidity balancing, to avoid uncomfortable changes in stiffness when 
reaching the limits of spring travel. Owing to the rigid attachment of the shock 
absorbers to the bodywork, these also work at low amplitudes; so-called 'parasitic' 
springing resulting from the unwanted flexibility of wheel suspension or bodywork 
components is thereby reduced. 



Fig. 1.59 Rear wheel bearing on the Fiat Panda 
with a third-generation, two-row angular (contact) 
ball bearing. The wheel hub and inner ball bearing 
ring are made of one part, and the square outer ring 
is fixed to the rigid axle casing with four bolts 
(picture: SKF). 
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resultant hard springing is acceptable and may even be necessary because of the 
load to be moved. The wheel bearing can be simple on such axles (Fig. 1.59). 
Faster, more comfortable vehicles, on the other hand, require coil springs and, 
for precise axle control, trailing links and a good central guide (Fig. 1.60) or 
Panhard rod. This is generally positioned behind the axle (Fig. 1.61). 

1. 6.4.3 Independent wheel suspension 

An independent wheel suspension is not necessarily better than a rigid axle in 
terms of handling properties. The wheels may incline with the body and the 
lateral grip characteristics of the tyres decrease (Figs 3.53 and 3.54), and there 
are hardly any advantages in terms of weight (see Section 6.1.3). This suspen- 
sion usually needs just as much space as a compound crank axle. 

Among the various types, McPherson struts (Fig. 1.12), semi-trailing or trailing 




Fig. 1.60 'Omega' rear wheel suspension on the Lancia Y 10 and Fiat Panda, a 
trailing axle with a U-shaped tube, drum brakes, inclined shock absorbers and addi- 
tional elastomer springs seated inside the low positioned coil springs. The rubber 
element in the shaft axle bearing point, shown separately, has cut-outs to achieve 
the longitudinal elasticity necessary for comfort reasons; the same is true for the 
front bearings of the two longitudinal trailing links. The middle bearing point is also 
the body roll axis. 

The body roll centre is located in the centre of the axle but is determined by the 
level of the three mounting points on the body. The lateral forces are absorbed here. 
The angled position of the longitudinal trailing links is chosen to reduce the lateral 
force oversteering that would otherwise occur (shown in Figs 1.31 and 3.79). The 
coil springs are located in front of the axle centre and so have to be harder, with the 
advantage that the body is better supported on bends (for details, see Section 3.4 in 
Ref. [2]). 
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Fig. 1.61 Torsion crank axle on the Audi A6 (Audi 100, 1991) with spring 
dampers fixed a long way out at points 6 and which largely suppress body roll vibra- 
tions. 

The longitudinal control arms therefore had to be welded further in to the U-profile 
acting as a cross-member and reinforced by shoe 5. The U-profile is also raised at 
the side to achieve higher torsional resistance. The anti-roll bar is located inside the 
U-profile. 

Brace 2 distributes the lateral forces coming from the Panhard rod 1 to the two 
body-side fixing points 3 and 4. Bar 1 is located behind the axle, and the lateral force 
understeering thus caused and shown in Fig. 3.81 could be largely suppressed by 
the length of the longitudinal control arms. Furthermore, it was possible to increase 
the comfort and to house an 80 I fuel tank as well as the main muffler in front of the 
axle. 

The only disadvantage is that the link fixing points, and therefore the body roll axis 
Or, moves further forward and this reduces the 'anti-dive' described in Fig. 3.159, 
and that the suspension requires much space when assembled. 



link axles (Figs 1.2, 1.13 and 1.63) and - having grown in popularity for some 
years now - double wishbone suspensions, mostly as so-called multi-link axles 
(Figs 1.1, 1.8 and 1.62; Section 5.3 in Ref. [2]) are all used. The latter are 
currently the best solution, due to: 

• kinematic characteristics; 

• elastokinematic behaviour; 

• space requirements; 

• axle weight; 

• the possibility of being able to retrofit the differential on four-wheel drive 
(Figs 1.77 and 1.1). 

(See also Section 1.4.3.). 
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Fig. 1 .62 Top view of the double wishbone rear axle on the Honda Civic. The trail- 
ing arm 2, which is stiff under flexure and torsion, and the wheel hub carrier 1 form 
a unit and, along with the two widely spaced lower transverse control arms 7 and 1 1 , 
ensure precise wheel control and prevent unintentional toe-in changes. The rubber 
bearing in point 3, which represents the so-called 'vehicle roll axis' O r , provides the 
real longitudinal wheel control of the axle (Fig. 3.159). The lateral control of wheel 
carrier 1 is performed by the short upper transverse control arm 6 and the longer 
lower one 7, which accepts the spring shock absorber 8 in point 9. The length differ- 
ence in the control arms gives favourable camber and track width change (Figs 3.19 
and 3.49). 

During braking, bearing 3 yields in the longitudinal direction and, due to the angled 
position of the links 1 1 when viewed from the top, the front point 4 moves inwards 
(Fig. 3.82) and the wheel goes into toe-in. Behaviour during cornering is similar: the 
axle understeers due to lateral force and body roll (see Sections 3.6.3 and 3.6.4 and 
Figs 1.1 and 1.77). The wheel is carried by 'third-generation' angular (contact) ball 
bearings on which the outside ring is also designed as a wheel hub. In models with 
smaller engines, brake drums (item 10) are used, which are fixed to the wheel hub. 
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Fig. 1.63 Compact trailing arm rear axle, fitted by Renault to less powerful 
medium-sized vehicles. The short torsion bar springs grip into the guide tubes 2 and 
3 in the centre of the vehicle. Parts 2, 3 and 4 are jointly subjected to torsional 
stresses and so the torsional stiffness of the transverse tubes contributes to the 
spring rate. On the outside, the cast trailing arms 1 are welded to the transverse 
tubes, which (pushed into each other) support each other on the torsionally elastic 
bearings 5 and 6. This creates a sufficiently long bearing basis, which largely 
prevents camber and toe-in changes when forces are generated. 

The entire assembly is fixed by the brackets 7 which permits better force transfer 
on the body side sill. Guide tubes 2 and 3 are mounted in the brackets and can rotate, 
as well as the outer sides of the two torsion bars 4. The two arms thus transfer all 
vertical forces plus the entire springing moment to the body. The anti-roll bar 8 is 
connected to the two trailing arms via two U-shaped tabs. The two rubber bearings 
5 and 6 located between the tubes 2 and 3 also contribute to the stabilizing effect. 

The bump and rebound travel stops are fitted into the shock absorber 9 (see 
Section 5.6.8). As shown in Fig. 1.2, on the newer models the dampers would be 
inclined so that they can be fixed to the side members of the floor pan which also 
leads to more space between the wheel housings. 
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Fig. 1.64 With a loaded 
Vauxhall Cavalier on 
compacted snow (|x x ,w = 0.2) 
driving forces are measured 
on the flat as a function of 
the slip (Fig. 2.33). The illus- 
tration shows the advantage 
of four-wheel drive, and the 
necessity, even with this 
type of drive, of fitting 
correct tyres. Regardless of 
the type of drive, winter tyres 
also give shorter braking 
(stopping) distances on these 
road surface conditions. 



1.7 Four-wheel drive 



In four-wheel drives, either all the wheels of a passenger car or commercial vehi- 
cle are continuously - in other words permanently - driven, or one of the two 
axles is always linked to the engine and the other can be selected manually or 
automatically. This is made possible by what is known as the ‘centre differential 
lock’ . If a middle differential is used to distribute the driving torque between the 
front and rear axles, the torque distribution can be established on the basis of the 
axle-load ratios, the design philosophy of the vehicle and the desired handling 
characteristics. That is why Audi choose a 50%:50% distribution for the V8 
Quattro and Mercedes-Benz choose a 50%:50% distribution for M class off-road 
vehicles, whereas Mercedes-Benz transmits only 35% of the torque to the front 
axle and as much as 65% to the rear axle in vehicles belonging to the E class. 

This section deals with the most current four-wheel drive designs. In spite of 
the advantages of four-wheel drive, suitable tyres - as shown in Fig. 1.64 - 
should be fitted in winter. 



1.7.1 Advantages and disadvantages 

In summary, the advantages of passenger cars with permanent four-wheel drive 
over those with only one driven axle are: 
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• better traction on surfaces in all road conditions, especially in wet and wintry 
weather (Figs 1.64, 1.65 and 1.66); 

• an increase in the drive-off and climbing capacity regardless of load; 

• better acceleration in low gear, especially with high engine performance; 

• reduced sensitivity to side wind; 

• stability reserves when driving on slush and compacted snow tracks; 

• better aquaplaning behaviour; 

• particularly suitable for towing trailers; 

• balanced axle load distribution; 

• reduced torque steer effect; 

• even tyre wear. 




Friction |xx,w ► 

Fig. 1.65 Hill-climbing capacity on a homogeneous surface with front, rear-wheel 
and four-wheel drive, and with locked centre differential and a driving force distribu- 
tion of 50%/50% on four-wheel drive. Of the cars studied, the front/rear axle load 
distribution was (Fig. 1.36): 

front-wheel drive 57%/43% 
rear-wheel drive 51 %/49% 
four-wheel drive 52%/48% 

(see also Fig. 6.22). 
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Fig. 1.66 Influence of the type of drive and differential lock on the propulsion 
force with '/r split', in other words a slippery road surface with /u, x ,w = 0.1/0. 8 on one 
side only. 100% locking of the rear axle differential gives most benefits. 

Some car manufacturers offer this option as ASR (or EDS ) or using a hydraulic 
manual selection clutch (see details in Chapter 6 of Ref. [7]). However, only 25% to 
40% locking is provided on the multi-disc limited-slip differentials that have usually 
been fitted on vehicles to date (see Section 5.3.2 in Ref. 9 and Section 6.4 in Ref. 8). 



According to EU Directive 70/156/EWG, a ‘towed trailer load’ of 1.5 times 
the permissible total weight has been possible for multi-purpose passenger vehi- 
cles (four-wheel passenger vehicles) since 1994. 

However, the system-dependent, obvious disadvantages given below should 
not be ignored: 

• acquisition costs; 

• around 6% to 10% higher kerb weight of the vehicle; 

• generally somewhat lower maximum speed; 

• 5% to 10% increased fuel consumption; 

• in some systems, limited or no opportunity for using controlled brake gearing, 
for instance for anti-locking or ESP systems; 

• not always clear cornering behaviour; 

• smaller boot compared with front-wheel drive vehicles. 

Predictability of self-steering properties even in variable driving situations, trac- 
tion, toe-in stability and deceleration behaviour when braking, manoeuvrability, 
behaviour when reversing and interaction with wheel control systems are the 
principal characteristics of the vehicle movement dynamics which are taken into 
consideration for an assessment of four-wheel drive systems. 

To transmit the available engine torque to all four wheels, interaxle differen- 
tials (such as cone, planet or Torsen differentials), which are manually or auto- 
matically lockable, or clutches (such as sprag, multi-disc or visco clutches) must 
be installed on the propshaft between the front and rear axles. Differentials must 
be present on both drive axles. However, on roads with different coefficients of 
friction on the left and right wheels, known as ‘/r-split’, and with traditional 
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differentials, each driven axle can, at most, transmit double the propulsion force 
of the wheels running on the side with the lower coefficient of friction (/a- low). 

Higher driving forces can be achieved with an ‘axle differential lock’ or 
controlled wheel brake gearing which creates the need for ‘artificial’ torque on 
the spinning wheel. Differential-locking can only be 100% effective on the rear 
axle as, at the front, there would no longer be problem- free steering control. The 
lock partially or completely stops equalization of the number of revolutions 
between the left and right wheel of the respective axle and prevents wheelspin 
on the /r-low-side. 

In passenger cars, automatic locking differentials are used between front and 
rear axles. These can operate mechanically (multi-disc limited slip differentials 
(see Section 5.3.2 in Ref. [9], Torsen differential, Fig. 1.71) or based on fluid 
friction (visco lock, Fig. 1.74) and produce a locking degree of usually 25% to 
40%. Higher values severely impede cornering due to the tensions in the power 
train (Fig. 1.69) Nevertheless, up to 80% locking action can be found in motor 
sport. 

The locking action of uncontrolled or slip-dependent differential locks neces- 
sitates increased expenditure with the use of brake-power control systems (ABS, 
ESP). Thus in the case of the visco lock, a free-wheel clutch is required that is 
engaged during reversing. Here the advantage of controlled differentials (Haldex 
clutch, automatically controlled locking differential, see Sections 1.7.4 and 
1.7.5) becomes apparent: They can be used to maximum effect in any operating 
conditions and with any brake-power control system, because the locking action 
is produced by an electronically controlled, hydraulically activated multi-disc 
clutch (Fig. 1.67). 

Traditional differential locks are increasingly being replaced because of the 




Fig. 1.67 The Mercedes G all-terrain vehicle, according to DIN 70, a so-called 'all- 
purpose passenger car', has high ground clearance and short overhangs both front 
and rear. This, together with the large ramp angles (ctf, a r ) and the overhang angle (3, 
makes it particularly suitable for off-road driving. 
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use of wheel control systems in both front- and rear-wheel drive as well as four- 
wheel drive vehicles. In these systems, the wheel speed is measured, usually 
with the use of ABS sensors. If the speed of a wheel is established, this wheel is 
retarded by means of the wheel braking device. In the case of the differential, 
this corresponds to the build-up of torque on the side of the spinning wheel and 
it can now transmit torque at the higher coefficient of friction up to the adhesion 
limit of the wheel. Volkswagen AG calls this system electronic differential lock, 
as front-wheel drive forces which correspond to those of a driven axle with 
differential lock and 100% locking action, and which can even be exceeded in 
intelligent (slip-controlled) systems, such wheel gearing systems produce. The 
system can ensure that the driving torque that is to be applied to the side with the 
retarded wheel is equal to the torque on the side with the higher coefficient of 
friction. This Tost torque’ must be generated by the transmission, on the one 
hand, and retarded by the wheel brake, on the other, so that loss of engine power 
and heating of the wheel brakes are produced. The braking temperatures are 
calculated on the basis of the braking torque and period of application of the 
brakes. If the temperatures calculated exceed the permissible limits, application 
of the brakes is discontinued during the front-wheel drive phase until a calcu- 
lated cooling of the system has taken place; the transmission then corresponds 
to that found in a conventional vehicle. 

Another possibility for maximum utilization of grip is afforded by traction 
control systems in which engine power is reduced by means of the throttle, injec- 
tion and ignition point so that the spinning wheels work in the region of lower 
slip and consequently higher adhesion. Both systems are used together, even 
without four-wheel drive. In models of the E and M class with an electronic trac- 
tion system (ETS), Mercedes-Benz uses electronic locks instead of mechanical 
differential locks. 



1.7.2 Four-wheel drive vehicles with overdrive 

In four-wheel drive vehicles with overdrive the middle differential is not used. 
The engine torque is distributed to all four wheels by means of a clutch on the 
propshaft, as required. The clutch can be engaged manually, or automatically in 
response to slip. With the use of sprag clutches, which are usually engaged 
manually, the torque is transmitted in a fixed ratio between the front and rear 
axles; multi-disc or visco clutches permit variable torque distribution. As these 
systems have essential similarities with permanent four-wheel drive varieties, 
they are discussed in Section 1.7.4. 

With sprag-clutch engaged transmissions, the design complexity, and there- 
fore the costs, are lower than on permanent drive. Usually there is no rear axle 
differential lock, which is important on extremely slippery roads; while this 
results in price and weight advantages, it does lead to disadvantages in the trac- 
tion. 

Front-wheel drive is suitable as a basic version and the longitudinal engine 
has advantages here (Fig. 1.48). With the transverse engine, the force from the 
manual gearbox is transmitted via a bevel gear and a divided propshaft, to the 
rear axle with a differential (Fig. 1.68). There is relatively little additional 





Fig. 1.68 The Fiat Panda Treking 4 x 4, a passenger car based on front-wheel drive with transverse engine. The vehicle has 
McPherson struts at the front and a rigid axle with longitudinal leaf springs at the back. The propshaft leading to it is divided into three 
to be able to take the rotational movements of the rigid axle around the transverse ( y ) axis during drive-off and braking and to absorb 
movements of the drive unit. The Fiat Panda is an estate car with the ratio 

21 59 mm 

/'i = = 0.59 (see Equation 3.1) 

3689 mm 
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complexity compared with the front-wheel drive design, even if, on the Fiat 
Panda (Tracking 4 X 4), there is a weight increase of about 1 1 % (90 kg), not 
least because of the heavy, driven, rigid axle. It is possible to select rear-wheel 
drive during a journey using a shift lever that is attached to the prop-shaft tunnel. 

Manual selection on the Subaru Justy operates pneumatically at the touch of 
a button (even while travelling). This vehicle has independent rear-wheel 
suspension and weighs only 6% more than the basic vehicle with front-wheel 
drive. Traction is always improved considerably if the driver recognizes the need 
in time and switches the engine force onto all four wheels. In critical situations, 
this usually happens too late, and the abrupt change in drive behaviour becomes 
an additional disadvantage. 

Conversely, if the driver forgets to switch to single axle drive on a dry road, 
tensions occur in the power train during cornering, as the front wheels travel 
larger arcs than the back ones (Figs 1.69 and 3.91). The tighter the bend, the 
greater the stress on the power train and the greater the tendency to unwanted 
tyre slip. 

A further problem is the braking stability of these vehicles. If the front axle 
locks on a wet or wintry road during braking, the rear one is taken with it due to 
the rigid power train. All four wheels lock simultaneously and the car goes into 
an uncontrollable skid. 




Fig. 1.69 The front wheel on the outside of the bend draws the largest arc during 
slow cornering, the track circle diameter Ds, while the inner wheel draws the consid- 
erably smaller arc Dfj. This is the reason for the differential in the driven front axle of 
the front-wheel drive. The bend diameters Ds, r and D ti , to the rear are even smaller, 
so the rolling distance of the two wheels of this axle decreases further and there can 
be tensions in the drive train if both axles are rigidly connected, a bend is being nego- 
tiated and when a dry road surface makes wheel slip more difficult because of high 
coefficients of friction. 





Fig. 1.70 Complex power distribution on the Fiat Campagnolo, a four-wheel drive, all-purpose passenger car. The drive moment 
is transferred from the manual gearbox via a centrally located two-gear power take-off gear to the differentials of the front and rear 
axles. Efficiency is not likely to be especially good. 
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1.7.3 Manual selection four-wheel drive on commercial and 
all-terrain vehicles 

The basis for this type of vehicle is the standard design which, because of the 
larger ground clearance necessary in off-road vehicles (Fig. 1.67), has more 
space available between the engine and front axle differential and between the 
cargo area and the rear axle. Figure 1.70 shows the design details: 

• a central power take-off gear with manual selection for the front axle, plus a 
larger ratio off-road gear, which can be engaged if desired; 

• three propshafts; 

• complex accommodation of the drive joints if there is a rigid front axle (Fig. 1.3). 



1.7.4 Permanent four-wheel drive; basic passenger car with 
front-wheel drive 

All four wheels are constantly driven; this can be achieved between the front and 

rear axle with different design principles: 

• a bevel centre differential with or without manual lock selection; 

• a Torsen centre differential with moment distribution, based on the traction 
requirement (Fig. 1.71); 

• a planet gear central differential with fixed moment distribution and additional 
visco clutch, which automatically takes over the locking function when a 
difference in the number of revolutions occurs or a magnetic clutch (which is 
electronically controlled, Fig. 1.79); 

• electronically controlled multi-disc clutches (Haldex clutch, Fig. 1.73); 




Fig. 1.71 Torsen central differential fitted in Quattro models (apart from the TT) 
by Audi. It consists of two worm gears, which are joined by spur gears and, depend- 
ing on the traction requirement, can distribute the driving torque up to 75% to the 
front or rear axle. Under normal driving conditions 50% goes to each axle. 




Fig. 1.72 Four-wheel drive Golf 4-motion (1 998). In the four-wheel drive vehicle, Volkswagen uses a multi-link suspension consist- 
ing of one longitudinal and two transverse links mounted on a subframe. The driving torque is transmitted to the rear axle via a wet 
multi-disc clutch by the Swedish company Flaldex which is flange-mounted on the rear axle drive and runs in oil. This electronically 
controlled clutch can build up a coupling torque of up to 3200 Nm even at small cardan-shaft rotation angles of 45° and can be 
combined to good effect with brake-power control systems. The drive train of the Audi TT Quattro (1998) built on the same platform 
is built to almost the same design. 
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• a visco clutch in the propshaft power train, which selects the initially undriven 
axle depending on the tyre slip (Figs 1.72, 1.74 and 1.75). 

Here too, the front-wheel drive passenger car is suitable as a basic vehicle. In 
1979, Audi was the first company to bring out a car with permanent four-wheel 
drive, the Quattro, and today vehicles with this type of drive are available 
throughout the entire Audi range. On a longitudinally mounted engine, a Torsen 
centre differential distributes the moment according to the traction requirement 
(Fig. 1.71). The four-wheel drive increases the weight by around 100 kg. 




Fig. 1.73 Multi-disc clutch of the Swedish company Haldex, used in the Golf 
4motion (1998) and Audi TT Quattro (1998). When there is a difference in speed 
between the front and rear axles, the disc cam 6 on the output shaft activates the 
working elements of the axial-piston pump 12 by means of the rollers 7. Via the 
control valve 14, the pressure produced activates the working piston which moves 
the discs. The torque transmitted is adjusted continuously by the control unit up to 
the maximum value, depending on the driving situation described by the wheel 
sensors, the signals from the slip and brake-power control systems, the position of 
the accelerator pedal, the engine speed etc. The clutch is disengaged when the ABS 
function is used. 1 electronic control unit, 2 connector vehicle (voltage, CAN, K 
leads), 3 oil filter, 4 shaft bevel wheel exit (rear axle gearing), 5 lamella, 6 cam plate, 
7 coil, 8 relief valve, 9 pressure regulating valve, 10 accumulator, 11 input shaft, 12 
axial piston pump, 13 pre-load pump, 14 control valve, 15 intermittent or step motor. 
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Fig. 1.74 Visco clutch with slip-dependent drive moment distribution. Two differ- 
ent packages sit in the closed drum-shaped housing: radially slit steel discs, which 
are moved by the serrated profile of the hollow shaft, and perforated discs which grip 
(as can be seen below) into housing keys. The shaft is joined with the differential and 
the casing with the propshaft going to the rear axle. 

The discs are arranged in the casing so that a perforated disc alternates with a slit 
one. The individual parts have no definite spacing but can be slid against one another 
axially. The whole assembly is filled with viscous silicone fluid and the torque behav- 
iour (therefore the locking effect) can be adjusted via the filling level. 

If slip occurs between the front and rear axle, the sets of discs in the clutch rotate 
relative to one another and shearing forces are transferred via the silicone fluid. 
These increase with increasing slip and ensure a torque increase in the rear axle. The 
power consumed in the visco clutch leads to warming and thus to growing inner 
pressure. This causes an increase in the transferable torque which, under conditions 
of extreme torque requirement, ultimately leads to an almost slip-free torque trans- 
fer (rigid drive). With ABS braking, a free-wheeling device disengages the clutch; the 
latter must be engaged again when reversing. 
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Fig. 1.75 Driven front axle of the Porsche 911 Carrera 4 (1996, 1998). The visco 
clutch is flange mounted directly on the front axle to achieve a better distribution of 
axle load. With corresponding slip of the rear wheels, up to 40% of the driving torque 
is transmitted to the front axles. Particular attention was paid during the adjustment 
of the four-wheel drive to predictable self-steering properties independent of drive 
distribution and to controllability of the handling characteristics even at the stability 
limit. Instead of differential locks, specific wheel brake engagements are made in 
order to retard spinning wheels. Four-wheel drive is integrated into the Porsche 
Stability Management (PSM), a system for controlling the dynamics of vehicle 
movement with brake actuation. 



Fig. 1.76 Double wishbone rear axle on the Audi A4 Quattro. The suspension 
subframe 1 is fixed to the body with four widely spaced rubber mountings (items 2 
and 3) and houses the differential casing 8 and transverse control arms (items 4 and 
5). The springs and shock absorbers are mounted next to the fixings for the upper 
control arms 7. The location 6 of the wheel hub carrier 5 was raised (long base c, Fig. 
1 .4) and drawn outwards. The lower transverse control arm 4 is fixed to part 1 with 
widely spaced mountings. These measures ensure a wide boot and low forces, 
making it easier to attain the desired kinematic characteristics. 
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VW used a visco clutch in the power train (without centre differential) for the 
first time on the Transporter (Fig. 1 .74) and then subsequently used it in the Golf 
syncro. The clutch has the advantage of the engine moment distribution being 
dependent on the tyre slip. If the slip on the front wheels, which are otherwise 
driven at the higher moment, increases on a wet or frozen surface or off-road, 
more drive is applied to the rear wheels. No action on the part of the driver is 
either necessary or possible. The transverse engine makes a bevel gear in front 
of the split propshaft necessary. The visco clutch sits in the rear differential 
casing and there is also an overrunning clutch, which ensures that the rear 
wheels are automatically disengaged from the drive, on overrun, to guarantee 
proper braking behaviour. This type of drive is fully ABS compatible. When 
reverse is engaged, a sliding sleeve is moved, which bridges the overrunning 
clutch to make it possible to drive backwards. 

When selecting their rear axle design, manufacturers choose different paths. 
Audi fits a double wishbone suspension in the A4 and A6 Quattro (Fig. 1.76), 
Honda uses the requisite centre differential on the double wishbone standard 
suspension in the Civic Shuttle 4WD (Figs 1.77 and 1.62). 



Visco clutch 




Fig. 1 .77 Double wishbone rear axle of the Honda Civic Shuttle 4 WD. The visco 
clutch sits (held by two shaft bearings) in the centre of the divided propshaft. The 
rear axle differential has been moved forwards and is mounted to the rear on the 
body via a cross-member. Apart from the different type of wheel bearings and the 
lower transverse control arm positioned somewhat further back (to make it possible 
to bring the drive shafts through in front of the spring dampers), the axle corresponds 
to Fig. 1 .62 and resembles the suspension shown in Fig. 1.1. 
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1.7.5 Permanent four-wheel drive, basic standard design 
passenger car 

Giving a standard design car four-wheel drive requires larger modifications, greater 
design complexity and makes the drive less efficient (Fig. 1.78). A power take-off 
gear is required, from which a short propshaft transmits the engine moment to the 
front differential. The lateral offset must be bridged, for example, with a toothed 
chain (Fig. 1.79). The ground clearance must not be affected and so changes in the 
engine oil pan are indispensable if the axle drive is to be accommodated (Fig. 1.80). 

The power take-off gear (Fig. 1.79) contains a planet gear centre differential 
which facilitates a variable force distribution (based on the internal ratio); 36% 
of the drive moment normally goes to the front and 64% to the rear axle. A multi- 
disc clutch can also be installed that can lock the differential electromagnetically 
up to 100%, depending on the torque requirement (front to rear axle). Moreover, 
there is a further electrohydraulically controlled lock differential in the rear axle 
which is also up to 100% effective. 




Fig. 1 .79 The torque coming from the engine is apportioned by the Planet Wheel- 
Centric Differential 1 in such one, to the rear cardan shaft 2 (64%) and to the front 
one 3 (36%). The offset to this shaft is bridged-over by the inserted tooth type chain 
4. The adaptation of the distribution of driving power is taken over the the multiple- 
disk clutch 5, which is driven (controlled) by the electromagnet. 

Power Divider A1 10 of the Fa. ZF. (Zahnradfabrik Friedrichshafen) 




Types of suspension and drive 81 




2 5 1 6 4 3 



Fig. 1 .80 Front cross-section view of the engine; and drive axle of a standard four- 
wheel drive vehicle (BMW assembly diagram). The basic vehicle has rear-wheel drive 
and, in order to also be able to drive the front wheels, the front axle power take-off 
4 had to be moved into the space of the oil pan. The intermediate shaft 1 bridges the 
distance to the right inner CV joint and thus ensures drive shafts of equal length to 
both wheels (items 2 and 3 and Fig. 1 .51 ). Part 1 is mounted on one side in the non- 
lockable differential 4 and on the other side in the outrigger 5. This, and the casing 
6, are screwed to the oil pan. 



The two differentials with variable degrees of lock offer decisive advantages: 

• to reach optimal driving stability, they distribute the engine moments during 
overrun and traction according to the wheel slip on the drive axles; 

• they allow maximum traction without loss of driving stability (Fig. 1.66). 

The locks are open during normal driving. By including the front axle differen- 
tial, they make it possible to equalize the number of revolutions between all 
wheels, so tight bends can be negotiated without stress in the power train and 
parking presents no problems. If the car is moved with locked differentials and 
the driver is forced to apply the brakes, the locks are released in a fraction of a 
second. The system is therefore fully ABS compatible. 

In its four-wheel drive vehicles of the E class (Fig. 1.78), Mercedes-Benz uses 
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Fig. 1.81 Front suspension and drive axle of the Mercedes-Benz off-road vehicle 
of the M series. In off-road vehicles, rigid axles are mostly used. Instead of these, 
Mercedes-Benz installs double wishbone suspensions at the front and rear. In this 
way, the proportion of unsprung masses can be reduced by approximately 66%; 
driving safety and riding comfort are increased. For space reasons, torsion-bar 
springs are used for the suspension of the front axle. 

1 lower transverse link in the form of a forged steel component because of the 
introduction of torque by the torsion bars (2) and notch insensitivity off road condi- 
tions; 2 torsion bars (spring rate of 50 Nm/degree); 3 vertically adjustable torque 
support which can be placed in any position in a transverse direction; 4 integral bear- 
ers (subframe) attached to the box-type frame by 4 bolts; 5 upper transverse link in 
the form of a forged aluminium component; 6 rack and pinion power steering, 7 twin- 
tube shock absorber with integrated rubber bump stop, 8 transverse link mounting 
points; 9 stabilizer application of force to lower transverse link. 



a transfer gear with central differential situated on the gearbox outlet and a front 
axle gear integrated into the engine-oil pan. The (fixed) driving torque distribution 
is 35%:65%. Instead of traditional differential locks, the wheel brakes are activated 
on the spinning wheels as in off-road vehicles of the M class. This system permits 
maximum flexibility, its effect not only corresponds to differential locks on front 
and rear axles as well as on the central differential, but also makes it possible for 
other functions such as ABS and electronic yaw control (ESP) to be integrated 
without any problem. Design complexity - and thus cost - is considerable. 

1.7.6 Summary of different kinds of four-wheel drive 

The list in Fig. 1.83 shows the increasing use of slip-controlled clutches (visco 
and Haldex clutches) for the transmission of torque instead of an interaxle 
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Fig. 1.82 Rear axle of the Mercedes-Benz off-road vehicle of the M series. 
Suspension and damping are ensured by the spring strut (1 ) whose spring is tapered 
for reasons of construction space (spring rate gradually increasing from 70 to 140 
N/mm), 2 brake disc with integrated drum parking brake, 3 upper transverse link 
(forged aluminium component), 4 lower transverse link (forged aluminium compo- 
nent), 5 tie rod (forged steel component), 6 integral bearer (subframe), 7 stabilizer, 8 
transverse link mounting points. 

Common characteristics of front and rear axles: camber and castor are adjusted 
by positioning the transverse link mounting points (8) in long holes during assembly. 
Technical data: spring travel ±100 mm, kingpin offset -5 mm, disturbing force 
moment arm 56.7 mm, kingpin inclination 10.5°, camber angle -0.5°, castor for front 
axle/rear axle 7/-8.5°, castor trail for front axle/rear axle 37/-55 mm, wheel castor trail 
for front axle/rear axle 5/-4.5 mm, instantaneous centre height for front axle/rear axle 
80/119 mm, braking-torque compensation for front axle/rear axle 38/21%, starting- 
torque compensation for front axle/rear axle —7/— 3 % . The axle concept was designed 
and developed by Mercedes-Benz. Mass production and assembly is undertaken by 
Zahnradfabrik Friedrichshafen AG who, via Lemforder Fahrwerktechnik AG, supply 
the complete subassemblies to the assembly line as required. 



differential and the importance of electronic brake application systems which are 
used instead of lockable differential gears. Modern four-wheel varieties operate 
without functional restrictions with antilocking, slip and driving stabilization 
systems. 



Fig. 1.83 Different kinds of four-wheel drive. 
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front 
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front 
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f + r 
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claw clutch 


n 


n 
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n Daihatsu Terios 


longit. 
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f + r 
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y 
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transv. 
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self-locking 
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y 


Audi A4/A6 Quattro, 








diff. 












VW Passat Synchro 




2 

Tyres and wheels 

2.1 Tyre requirements 

The tyres are crucial functional elements for the transmission of longitudinal, 
lateral and vertical forces between the vehicle and road. The tyre properties 
should be as constant as possible and hence predictable by the driver. As well as 
their static and dynamic force transmission properties, the requirements 
described below - depending on the intended use of the vehicle - are also to be 
satisfied. 

As tyres significantly affect the handling properties of vehicles, the properties 
of original tyres - the tyres with which the vehicle is supplied to the customer - 
are specified by the vehicle manufacturers in conjunction with the tyre manu- 
facturers. However, spare tyres usually differ from the original tyres, despite 
their similar designation; hence handling characteristics can change. Individual 
vehicle manufacturers have therefore decided to identify tyres produced in 
accordance with their specifications by means of a symbol on the sidewall of the 
tyre or to sell tyres which meet the specifications of original tyres at their manu- 
facturing branches. 



2.1.1 Interchangeability 

All tyres and rims are standardized to guarantee interchangeability, i.e. to guar- 
antee the possibility of using tyres from different manufacturers but with the 
same designation on one vehicle and to restrict the variety of tyre types world- 
wide. 

Within Europe, standardization is carried out by the European Tyre and Rim 
Technical Organization or ETRTO, which specifies the following: 

• tyre and rim dimensions; 

• the code for tyre type and size; 

• the load index and speed symbol. 



Tyres and wheels 87 



Passenger car tyres are governed by UNO regulation ECE-R 30, commercial 
vehicles by R 54, spare wheels by R 64, and type approval of tyres on the vehi- 
cle by EC directive 92/23/EC. 

In the USA the Department of Transportation (or DOT, see item 9 in Fig. 
2.18) is responsible for the safety standards. The standards relevant here are: 

Standard 109 Passenger cars 

Standard 1 19 Motor vehicles other than passenger cars. 

The Tire and Rim Association, or TRA for short, is responsible for standardiza- 
tion. 

In Australia, binding information is published by the Federal Office of Road 
Safety, Australian Motor Vehicle Certification Board. 

ARD 23 Australian Design Rule 23/01: 

Passenger car tyres 

is the applicable standard. 

In Germany the DIN Standards (Deutsches Institut fiir Normung) and the 
WdK Guidelines (Wirtschaftsverband der Deutschen Kautschukindustrie 
Postfach 900360, D-60443, Frankfurt am Main) are responsible for specifying 
tyre data. All bodies recognize the publications of these two organizations. 

At the international level, the ISO (International Organization for 
Standardization) also works in the field of tyre standardization and ISO 
Standards are translated into many languages. 



2.1.2 Passenger car requirements 

The requirements for tyres on passenger cars and light commercial vehicles can 
be subdivided into the following six groups: 

• driving safety 

• handling 

• comfort 

• service life 

• economy 

• environmental compatibility. 

To ensure driving safety it is essential that the tyre sits firmly on the rim. This is 
achieved by a special tyre bead design (tyre foot) and the safety rim, which is the 
only type of rim in use today (Figs 2.5 and 2.21). Not only is as great a degree 
of tyre-on-rim retention as possible required, but the tyre must also be hermeti- 
cally sealed; on the tubeless tyre this is the function of the inner lining. Its job is 
to prevent air escaping from the tyre, i.e. it stops the tyre from losing pressure. 
However, this pressure reduces by around 25-30% per year, which shows how 
important it is to check the tyre pressure regularly. 
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In order to guarantee driving safety, the aim is also to ensure that tyres are as 
insensitive to overloading and as puncture-proof as possible and that they have 
emergency running properties which make it possible for the driver to bring the 
vehicle safely to a halt in case of tyre failure. 

Handling characteristics include the properties: 

• high coefficients of friction in all operating conditions; 

• steady build-up of lateral forces without sudden changes; 

• good cornering stability; 

• direct and immediate response to steering movements; 

• guarantee requirement of sustained maximum speed; 

• small fluctuations in wheel load. 

Riding comfort includes the characteristics: 

• good suspension and damping properties (little rolling hardness); 

• high smoothness as a result of low radial tyre run-out and imbalances; 

• little steering effort required during parking and driving; 

• low running noise. 

Durability refers to: 

• long-term durability 

• high-speed stability. 

Both are tested on drum test stands and on the road. 

Economic efficiency is essentially determined by the following: 

• purchase cost; 

• mileage (including the possibility of profile regrooving in the case of lorry 
tyres); 

• wear (Fig. 3.46); 

• rolling resistance; 

• the necessary volume, which determines 

• the amount of room required in the wheel houses and spare-wheel well; 

• load rating. 

Of increasing importance is environmental compatibility, which includes: 

• tyre noise; 

• raw material and energy consumption during manufacture and disposal; 

• possibility of complete remoulding inherent in the construction. 

The importance of 

• tyre design, profile design and the ‘radius-width appearance’ must not be 
neglected either. 

Further details are available in Refs [4], [6], [7] and [9]. 
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2.1.3 Commercial vehicle requirements 

In principle, the same requirements apply for commercial vehicles as for passen- 
ger cars, although the priority of the individual groups changes. After safety, 
economy is the main consideration for commercial vehicle tyres. The following 
properties are desirable: 

• high mileage and even wear pattern 

• low rolling resistance 

• good traction 

• low tyre weight 

• ability to take chains 

• remoulding/retreading possibilities. 

Compared with passenger car tyres, the rolling resistance of commercial vehicle 
tyres has a greater influence on fuel consumption (20-30%) and is therefore an 
important point (Fig. 2.32). 



2.2 Tyre designs 

2.2.1 Diagonal ply tyres 

In industrialized countries, cross-ply tyres are no longer used on passenger cars, 
either as original tyres or as replacement tyres, unlike areas with very poor roads 
where the less vulnerable sidewall has certain advantages. The same is true of 
commercial vehicles and vehicles that tow trailers, and here too radial tyres have 
swept the board because of their many advantages. Nowadays, cross-ply tyres 
are used only for: 

• temporary use (emergency) spare tyres for passenger cars (due to the low dura- 
bility requirements at speeds up to 80 or 100 km h _1 ); 

• motor cycles (due to the inclination of the wheels against the lateral force); 

• racing cars (due to the lower moment of inertia); 

• agricultural vehicles (which do not reach high speeds). 

Cross-ply tyres consist of the substructure (also known as the tyre carcass. Fig. 
2.1) which, as the ‘supporting framework’ has at least two layers of rubberized 
cord fibres, which have a zenith or bias angle 4 of between 20° and 40° to the 
centre plane of the tyre (Fig. 2.2). Rayon (an artificial silk cord), nylon or even 
steel cord may be used, depending on the strength requirements. At the tyre feet 
the ends of the layers are wrapped around the core of the tyre bead on both sides; 
two wire rings, together with the folded ends of the plies, form the bead. This 
represents the frictional connection to the rim. The bead must thus provide the 
permanent seat and transfer drive-off and braking moments to the tyre. On tube- 
less tyres it must also provide the airtight seal. 

The running tread, which is applied to the outer diameter of the substructure, 
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Fig. 2.1 Design of a diagonal ply tubeless car tyre with a normal drop rim and 
pressed-in inflating valve (see also Fig. 2.6). 



Fig. 2.2 The diagonal ply tyre has crossed-bias 
layers; the zenith angle £ was 30° to 40° for passenger 
cars. The 4 PR design should have two layers in each 
direction. Smaller angles £ can be found in racing cars. 
Rolling resistance, lateral and suspension stiffness are 
significantly determined by the zenith angle. 




provides the contact to the road and is profiled. Some tyres also have an inter- 
mediate structure over the carcass as reinforcement. 

At the side, the running tread blends into the shoulder, which connects to the 
sidewall (also known as the side rubber), and is a layer that protects the substruc- 
ture. This layer and the shoulders consist of different rubber blends from the 
running tread because they are barely subjected to wear; they are simply 
deformed when the tyre rolls. This is known as flexing. Protective mouldings on 
the sides are designed to prevent the tyre from being damaged through contact 
with kerbstones. There are also GG grooves, which make it possible to see that 
the tyre is seated properly on the rim flange. 

Cross-ply design and maximum authorized speed are indicated in the tyre 
marking by a dash (or a letter, Fig. 2.12) between the letters for width and rim 
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diameter (both in inches) and a ‘PR’ (ply rating) suffix. This ply rating refers to 
the carcass strength and simply indicates the possible number of plies (Fig. 2.5). 
The marking convention is: 

5.60-15/4 PR (VW rear-engine passenger car, tyres authorized up to 
150 km h" 1 ) 

7.00- 14/8 PR (VW Transporter, tyres authorized up to 150 km h” 1 ) 

9.00- 20/14 PR (reinforced design for a commercial vehicle) 

and on the temporary use spare wheel of the VW Golf, which requires a tyre 
pressure of pi = 4.2 bar and may only be driven at speeds up to 80 km h _1 
(F symbol) 

T 105/70 D 14 38 F 



2.2.2 Radial ply tyres 

The radial ply tyre consists of two bead cores joined together radially via the 
carcass (Fig. 2.3) - hence the name radial tyres. A belt of cords provides the 
necessary stiffness (Fig. 2.4), whereas the external part of the tyre consists of 
the tread and sidewall and the interior of the inner lining, which ensures the tyre 
is hermetically sealed (Figs 2.5 and 2.1). In passenger car tyres, the carcass is 
made of rayon or nylon, the belt of steel cord or a combination of steel, rayon 
or nylon cord, and the core exclusively of steel. Due to the predominance of 
steel as the material for the belt, these tyres are also known as ‘steel radial 
tyres’. The materials used are indicated on the sidewall (Fig. 2.18, points 7 and 




Fig. 2.3 Substructure of a radial tyre. 
The threads have a bias angle between 
88° and 90°. 



Fig. 2.4 The belt of the radial tyre 
sits on the substructure. The threads 
are at angles of between 1 5° and 25° to 
the plane of the tyre centre. 



92 The Automotive Chassis 




Fig. 2.5 Radial design passenger car tyres in speed category T (Fig. 2.12); the 
number of layers and the materials are indicated on the sidewall (see Fig. 2.18). The 
components are: 1 running tread; 2 steel belt; 3 edge protection for the belt, made 
of rayon or nylon; 4 sidewall; 5 substructure with two layers; 6 cap; 7 inner lining; 8 
flipper; 9 bead profile; 10 core profile; 11 bead core. 



8). In commercial vehicle designs this is particularly important and the carcass 
may also consist of steel. 

The stiff belt causes longitudinal oscillation, which has to be kept away from 
the body by wheel suspensions with a defined longitudinal compliance, other- 
wise this would cause an unpleasant droning noise in the body, when on cobbles 
and poor road surfaces at speeds of less than 80 km h 1 (see Sections 3. 6. 5. 2 and 
5.1.2). The only other disadvantage is the greater susceptibility of the thinner 
sidewalls of the tyres to damage compared with diagonal ply tyres. The advan- 
tages over cross-ply tyres, which are especially important for today’s passenger 
cars and commercial vehicles, are: 

• significantly higher mileage 

• greater load capacity at lower component weight 
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• lower rolling resistance 

• better aquaplaning properties 

• better wet-braking behaviour 

• transferable, greater lateral forces at the same tyre pressure 

• greater ride comfort when travelling at high speeds on motorways and trunk 
roads. 



2.2.3 Tubeless or tubed 

In passenger cars, the tubeless tyre has almost completely ousted the tubed tyre. 
The main reasons are that the tubeless tyre is 

• easier and faster to fit 

• the inner lining is able to self-seal small incisions in the tyre. 

In tubeless tyres the inner lining performs the function of the tube, i.e. it prevents 
air escaping from the tyre. As it forms a unit with the carcass and (unlike the 
tube) is not under tensional stress, if the tyre is damaged the incision does not 
increase in size, rapidly causing loss of pressure and failure of the tyre. The use 
of tubeless tyres is linked to two conditions: 

• safety contour on the rim (Fig. 2.21) 

• its air-tightness. 

Because this is not yet guaranteed worldwide, tubed tyres continue to be fitted 
in some countries. When choosing the tube, attention should be paid to ensuring 
the correct type for the tyre. If the tube is too big it will crease, and if it is too 
small it will be overstretched, both of which reduce durability. In order to avoid 
confusion, the tyres carry the following marking on the sidewall: 

tubeless (Fig. 2.18, point 3) 
tubed or tube type. 

Valves are needed for inflating the tyre and maintaining the required pressure. 
Various designs are available for tubeless and tubed tyres (Figs 2.6 and 2.7). The 
most widely used valve is the so-called ‘snap-in valve’. It comprises a metal foot 
valve body vulcanized into a rubber sheath, which provides the seal in the rim 
hole (Fig. 2.20). The functionality is achieved by a valve insert, while a cap 
closes the valve and protects it against ingress of dirt. 

At high speeds, the valve can be subjected to bending stress and loss of air 
can occur. Hub caps and support areas on alloy wheels can help to alleviate this 
(see Fig. 2.24 and Section 7.2 in Ref. [4]). 



2.2.4 Height-to-width ratio 

The height-to-width ratio H/W - also known as the ‘profile’ (high or low) - 
influences the tyre properties and affects how much space the wheel requires 
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38/11.5 


11.7 


38/16 


16.5 



Fig. 2.6 Snap-in rubber valve for 
tubeless tyres, can be used on rims 
with the standard valve holes of 
1 1 .5 mm and 16 mm diameter. The 
numerical value 43 gives the total 
length in mm (dimension /). There is 
also the longer 49 GS 11 .5 design. 



Fig. 2.7 Rubber valve vulcanized 
onto tubes. Designations are 38/1 1 .5 
or 38/1 6. 



Fig. 2.8 Tyre sizes and asso- 
ciated rims used on the VW Golf 
III. All tyres fit flush up to the 
outer edge of the wing (wheel 
house outer panel) K. To achieve 
this, differing wheel offsets 
(depth of dishing) e are used on 
disc-type wheels (Fig. 2.23) with 
the advantage of a more nega- 
tive rolling radius r„ on wider 
tyres (Fig. 3.102). A disadvan- 
tage then is that snow chains 
can no longer be fitted and 
steering sensitivity changes very 
slightly. 
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(Fig. 2.8). As shown in Fig. 2.9, the narrower tyres with a H/W ratio = 0.70 
have a reduced tread and therefore good aquaplaning behaviour (Fig. 2.35). 
Wide designs make it possible to have a larger diameter rim and bigger 
brake discs (Fig. 2.10) and can also transmit higher lateral and longitudinal 
forces. 

W is the cross-sectional width of the new tyre (Fig. 2.1 1); the height H can 
easily be calculated from the rim diameter given in inches and the outside diam- 
eter of the tyre ODj. The values ODj and W are to be taken from the new tyre 




175/80 R 14 88T 
ContiEcoContact EP 




195/65 R 15 91 V 
ContiEcoContact CP 




205/55 R 16 91W 225/45 ZR 17 

ContiSportContact ContiSportContact 



Fig. 2.9 If they have the same outside diameter and load capacity the four tyre 
sizes used on medium-sized passenger cars are interchangeable. The series 65, 55 
and 45 wide tyres each allow a 1" larger rim (and therefore larger brake discs). The 
different widths and lengths of the tyre contact patch, known as 'tyre print', are 
clearly shown (Fig. 3.119), as are the different designs of the standard road profile 
and the asymmetric design of the sports profile (see also Section 2.2.10). The 65 
series is intended for commercial vehicles, and the 60, 55 and 45 series for sports 
cars. (Illustration: Continental; see also Fig. 2.19.) 
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Fig. 2.10 The flatter the tyre, i.e. the larger the rim diameter d (Fig. 2.11) in 
comparison with the outside diameter OCT, the larger the brake discs or drums that 
can be accommodated, with the advantage of a better braking capacity and less 
tendency to fade. An asymmetric well-base rim is favourable (Figs 1 .8 and 2.11). 



Wheel rim diameter in inches 
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Brake disc outer diameter in mm 
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Brake drum inner diameter in mm 
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W 




Fig. 2.11 Tyre dimensions specified in standards and directives. B is the cross- 
section width of the new tyre; the tread moulding (as can be seen in Fig. 2.1) is not 
included in the dimension. For clearances, the maximum running width with the 
respective rim must be taken into consideration, as should the snow chain contour 
for driven axles. The tyre radius, dependent on the speed, is designated r (see 
Section 2.2.8). Pictured on the left is an asymmetrical well-base rim, which creates 
more space for the brake caliper and allows a larger brake disc (Fig. 2.10). 



mounted onto a measuring rim at a measuring tyre pressure of 1.8 bar or 2.3 bar 
on V-, W- or ZR tyres, Fig. 2.15): 

H = 0.5 (ODj - d) (2.1) 

l" = 1 in = 25.4 mm (2.1a) 

The 175/65 R 14 82 H tyre mounted on the measuring rim 5J X 14 can be taken 
as an example: 



Tyres and wheels 97 



ODj = 584 mm, d = 14 X 25.4 = 356 mm and W = 111 mm 

HIW = [0.5 X (ODt - d)\/W = 1 14/177 = 0.644 

The cross-section ratio is rounded to two digits and given as a percentage. We 
talk of ‘series’, and here the ratio profile is 65% as shown in the tyre marking - 
in other words it is a 65 series tyre. A wider rim, e.g. 6J X 14 would give a 
smaller percentage. 



2.2.5 Tyre dimensions and markings 

2.2.5.1 Designations for passenger cars up to 270 km h _1 

The ETRTO standards manual of the European Tire and Rim Technical 
Organization includes all tyres for passenger cars and delivery vehicles up to 270 
km h“ 1 and specifies the following data: 

• tyre width in mm 

• height-to-width ratio as a percentage 

• code for tyre design 

• rim diameter in inches or mm 

• operational identification, comprising load index; LI (carrying capacity index) 
and speed symbol GSY. 

The following applies to the type shown in Fig. 2.15: 

175 / 65 R 14 82 H 

| speed symbol (authorized up to 

210 km h" 1 , Fig. 2.12). 

load index (maximum load capac- 

ity 475 kg at 2.5 bar and 160 

km h _1 . Figs 2.13 and 2.14). 

rim diameter in inches (Fig. 2.20). 

code for tyre design (R = radial, 

diagonal tyres have a dash here 

(see Section 2.2.1 and Chapter 6 
in Ref. 4). 

cross-section ratio profile as a 

% (can be omitted on 82 series or 

replaced by 80; see Section 
2.2.5.2). 

width of the new tyre on the 

measuring rim and at measuring 

pressure of 1.8 bar. 
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Fig. 2.12 Standardized speed categories for radial tyres, expressed by means of 
a speed symbol and - in the case of discontinued sizes - by means of the former 
speed marking. Sizes marked VR or ZR may be used up to maximum speeds speci- 
fied by the tyre manufacturer. The symbols F and M are intended for emergency 
(temporary use) spare wheels (see Chapter 6 in Ref. [5]). 
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The old markings can still be found on individual tyres: 

155 S R 13 

I rim diameter in inches 

radial tyre 

speed symbol (authorized up to 180 km h" 1 ) 

width of the new tyre and 82 series, when details of 

the cross-section ratio missing 



2 . 2 . 5. 2 Designations of US tyres and discontinued sizes for passenger cars 

Tyres manufactured in the USA and other non-European countries may also bear 
a ‘P’ for passenger car (see Fig. 2.17) and a reference to the cross-section ratio: 

P 155/80 R 13 79 S 

The old system applied up until 1992 for tyres which were authorized for speeds 
of over V = 210 km h 1 (or 240 km h Fig. 2.12); the size used by Porsche on 
the 928 S can be used as an example: 

225/50 VR 16 

1 radial tyre 

speed symbol V 

(authorized over 210 km h -1 ) 
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Fig. 2.13 Load capacity/air pressure category specified in the directives. The 
load capacity on the left - also known as 'load index' (LI) - applies for all passenger 
cars up to the speed symbol W; they relate to the minimum load capacity values up 
to 160 km h _1 at tyre pressure 2.5 bar (see Section 2.2.6). Further criteria, such as 
maximum speed, handling etc., are important for the tyre pressures to be used on 
the vehicle. For LI values above 100, further load increases are in 25 kg increments: 

LI = 101 corresponds to 825 kg, 

LI = 102 corresponds to 850 kg etc. to 
LI = 108 corresponds to 1000 kg. 
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560 


585 


610 


635 


660 


685 


705 


730 


98 


500 


525 


550 


575 


600 


625 


650 


675 


700 


725 


750 


99 


515 


540 


570 


595 


620 


650 


675 


700 


725 


750 


775 


100 


530 


560 


590 


615 


640 


670 


695 


720 


750 


775 


800 
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Fig. 2.14 The tyre load capacity shown in the ETRTO standards manual in the 
form of the load index LI is valid for V tyres up to vehicle speeds of 210 km h _1 ; for 
W tyres up to 240 km h" 1 and for Y tyres up to 270 km h -1 . At higher speeds, lower 
percentages of the load capacity must be incurred; for VR and ZR tyres, which are 
no longer made, these values were determined by vehicle and tyre manufacturers. 



Tyre load capacity (%) 



Top speed of car 
(km h- 1 ) 


1/ 


Speed symbol 
W 


Y Tyres 


210 


100 


100 


100 


220 


97 


100 


100 


230 


94 


100 


100 


240 


91 


100 


100 


250 


- 


95 


100 


260 


- 


90 


100 


270 


- 


85 


100 


280 


- 


- 


95 


290 


- 


- 


90 


300 


- 


- 


85 



The following should be noted for VR tyres: 

• over 210 km h _l and up to 220 km h inclusive, the load may only be 90% of 
the otherwise authorized value; 

• over 220 km h 1 the carrying capacity reduces by at least 5% per 10 km h 1 
speed increment. 

2.2.53 Designation of light commercial vehicle tyres 

Tyres for light commercial vehicles have a reinforced substructure compared 
with those for passenger cars (Fig. 2.5), so they can take higher pressures, which 
means they have a higher load capacity. The suffix ‘C’ followed by information 
on the carcass strength (6, 8 or 10 PR) used to indicate suitability for use on light 
commercial vehicles, or the word ‘reinforced’ simply appeared at the end of the 
marking. The current marking (as for passenger cars) retains the speed symbol 
as well as the load index which, behind the slash, gives the reduced load capac- 
ity on twin tyres (Fig. 3.4). Compared with the previous marking, the new 
system is as follows: 



Former 



Current 



_ 


205/65 R 15 98 S (Fig. 2.15) 


185 SR 14 


185 R 14 90 S 


185 SR 14 reinforced 


185 R 14 94 R 


185 R 14 C 6 PR 


185 R 14 99/97 M 


185 R 14 C 8 PR 


185 R 14 102/100 M 



The 185 R 14 tyre is a passenger car size which is also fitted to light commer- 
cial vehicles. 
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2.2.5.4 Tyre dimensions 

Figure 2.15 shows the important data for determining tyre size: 

• size marking; 

• authorized rims and measuring rim; 

• tyre dimensions: width and outside diameter new and maximum during 
running; 

• static rolling radius (Fig. 2.11); 

• rolling circumference (at 60 km h' 1 . Fig 2.16, see also Section 2.2.8); 

• load capacity coefficient (load index LI, Fig. 2.13); 

• tyre load capacity at 2.5 bar and up to 160 km h 1 (see Section 2.2.6). 

2.2.6 Tyre load capacities and inflation pressures 

The authorized axle loads H7y fjmax and mv, mnx (see Section 5.3.5), and the maxi- 
mum speed Vmax of the vehicle, determine the minimum tyre pressure. However, 
the required tyre pressure may be higher to achieve optimum vehicle handling 
(see also Section 2.10.3.5 and Fig. 2.44). 

2.2.6.1 Tyre load capacity designation 

The load capacities indicated in the load index (item 6, Fig. 2.18) are the maxi- 
mum loads per tyre permitted for all tyres up to the speed symbol ‘H’. They are 
valid up to speeds of 210 km h 1 for tyres marked ‘V’ and up to 240 km h 1 for 
those marked ‘R’ ‘W’ or ‘ZR’. For vehicles with a higher top speed, the load 
capacity has to be reduced accordingly. 

Consequently, for tyres with speed symbol ‘V’, at a maximum speed of 240 
km If 1 the load capacity is only 91% of the limit value (Fig. 2.14). Tyres desig- 
nated ‘W’ on the sidewall are only authorized up to 85% at 270 km h In both 
cases the load capacity values between 210 kmh 1 (‘V’ tyre) and 240 kmh 1 
(‘W’ tyre) and the maximum speed must be determined by linear interpolation. 

For higher speeds (ZR tyres), the interpolation applies to the 240-270 km If 1 
speed range. At higher speeds, the load capacity as well as the inflating pressure 
will be agreed between the car and tyre manufacturers. However, this approval 
does not necessarily apply to tyres which are specially produced for the US 
market and which bear the additional marking ‘P’ (Fig. 2.17 and Section 
2.2.5.2). 

2.2.6.2 Tyre pressure determination 

For tyres with speed symbols ‘R’ to ‘V’ and standard road tyres the minimum 
pressures set out in the tables and corresponding with load capacities are valid 
up to 160 km h 1 (see Fig. 2.15 and Section 2.1.1). 

Special operating conditions, the design of the vehicle or wheel suspension 
and expected handling properties can all be reasons for higher pressure specifi- 
cation by the vehicle manufacturer. 

Further, for speeds up to 210 km h ' 1 the linear increase of basic pressure has 
to be by 0.3 bar (i.e. by 0.1 bar per Av = 17 km h -1 ; see also end of Section 
2.84) and at speeds above 210 km h 1 the tyre load capacity has to be reduced 




Fig. 2.15 Radial 65 series tyres, sizes, new and running dimensions, authorized rims and load capacity values (related to maximum 
160 km h _1 and 2.5 bar); the necessary increase in pressures at higher speeds can be taken from Section 2.2.6. The tyre dimensions apply 
to tyres of a normal and increased load capacity design (see Section 2. 2. 5. 3) and to all speed symbols and the speed marking ZR. 



Dimensions of new tyre 



Manufacturer's measurements 



Tyre size 


Measuring rim 


Width of 

cross- 

section 


Outer 

diameter 


Permissible 

rims 

according to 
DIN 7817 
and DIN 7824 


155/65 R 13 


4.50 B X 13 


157 


532 


4.00 B X 13' 

4.50 B X 13' 

5.00 B X 13' 

5.50 B X 13' 


155/65 R 14 


41/2 J X 14 


157 


558 


4 J X 14 2 
41/2 J X 14 2 

5 J X 14 2 
5¥t J X 14 2 


165/65 R 13 


5.00 B X 13 


170 


544 


4.50 B X 13' 

5.00 B X 13' 

5.50 B X 13' 

6.00 B X 1 3' 3 


165/65 R 14 


5 J X 14 


170 


570 


4 V 2 J X 14 2 

5 J X 14 2 
51/2 J X 14 2 

6 J X 14 


175/65 R 13 


5.00 B X 13 


177 


558 


5.00 B X 13' 
5.50 B X 13' 

6.00 B X 1 3 1,3 


175/65 R 14 


5 J X 13 


177 


584 


5 J X 14 2 
5 V 2 J X 14 2 

6 J X 14 


175/65 R 15 


5 J X 15 


177 


609 


5 J X 15 2 
51/2 J X 15 2 

6 J X 15 


185/65 R 13 


5.50 B X 14 


189 


570 


5.50 B X 13' 
5.50 B X 13' 
6.00 B X 1 3 1,3 
6 V 2 J X 13 


185/65 R 14 


bV 2 J X 14 


189 


596 


5 J X 14 
5 V 2 J X 14 

6 J X 14 
6 V 2 J X 14 



Max. 

width 


Max. 
outer 
diameter 4 


Static 

radius 

±2.0% 


Circum- 
ference 
+ 1.5% 
-2.5% 


Load 
index (LI) 


Wheel 

load 

capacity 6 


158 

164 

169 

174 


540 


244 


1625 


73 


365 


158 

164 

169 

174 


566 


257 


1700 


74 


375 


171 

176 

182 

187 


533 


248 


1660 


76 


400 


171 

176 

182 

187 


579 


261 


1740 


78 


425 


184 

189 

194 


567 


254 


1700 


80 


450 


184 

189 

194 


593 


267 


1780 


82 


475 


184 

189 

194 


618 


279 


1855 


83 


487 


191 

197 

202 

207 


580 


259 


1740 


84 


500 


191 

197 

202 

207 


606 


272 


1820 


86 


530 



